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This dissertation comprises studies on thermoregulation 
and energy expenditure in Arctic seabirds. It is based on the 
following papers which are referred to in the text by their 
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INTRODUCTION 
The population of seabirds breeding in Svalbard, around 
the Barents Sea and the northern part of the Norwegian Sea are 
among the largest in the world (Belopol'skii 1957; Zenkevitch 
1963; Lorvenskiold 1964; Anker-Nilssen and Barrett 1991). In 
the Arctic, these birds constitute a major component of the 
marine ecosystem and are an important link between the 
terrestrial and marine ecosystem through their deposition of 
nitrogen-rich guano and nutrients from the sea to the land 
(Norderhaug 1970; Gabrielsen and Mehlum 1989a). 
While some seabird species, e.g. Common Eiders (Somateria 
mollissima), Black Guillemots (C~DD~US srvlle) and Little Auks 
(Alle alle) leave the northern Barents Sea area during the 
winter months, most species, e.g. the Fulmars (Fulmarus 
alacialis), Kittiwakes (Rissa tridactvla), Glaucous Gulls 
(Larus hvDerboreus), Brunnich's Guillemots (Uria lomvi) and 
Common Guillemots (Uria aalse) remain in the area all year 
round (Lorvenskiold 1964; ~nker-~il'ssen et al. 1988). After 
spending the winter further south, most migrants return in the 
early spring when the daylength and radiation increase, the 
sea-ice starts to break up and the mean air temperature is 
ca. -10 OC. Closely connected to these physical events is an 
intensive and short period of high primary production and a 
rapid transfer of this produced energy through the food web 
from plankton to marine mammals and seabirds (Belopol'skii 
1957; Sakshaug et al. 1992). During the short Arctic summer, 
2-3 months, most seabirds in the area produce one or two 
eggs/chicks, often during bad weather and when air tempera- 
tures are low. 
Different species of seabirds in northern Norway and on 
Svalbard have different strategies for successful breeding. 
For example, the Common Eider lays a clutch of 4-6 eggs which 
is incubated for 24-26 days. The female abstains from feeding 
and loses 30-45 % of her body mass during incubation (Milne 
1963; Korschgen 1977). Once the ducklings are dry, soon after 
hatching, the female descends to sea with her chicks to feed 
(Mendenhall 1979). Kittiwakes and Black Guillemots lay 1-3 
eggs which are incubated by both parents for 27-31 days. The 
young are fed by both parents until they are fully grown at 
5-6 weeks of age (Barrett and Runde t980; Cairns 1987). Little 
Auks, Common and Brunnich's Guillemots lay one egg which is 
incubated by both sexes for 29-32 days. After hatching, the 
chick is fed by both parents. Whereas Little Auk chicks remain 
in the nest for 25-26 days and grow to 2/3 of adult mass 
before they fly to the sea, the chick of Common and Brunnich's 
Guillemots leave the ledge when they are 20-22 days old and 
have only reached 25-30% of the adult body mass (Stempniewicz 
1980; Sealy 1973; Furness and Barrett 1985). 
Most of the breeding season is a time of high energy 
demand both for the parent birds and their offspring. Lack 
(1954), Drent and Daan (1980) and Ricklefs (1983) viewed 
reproduction as being so energy-demanding that adult birds had 
to work at near maximum capacity to successfully produce 
young. Most birds breed when food is plentiful. By breeding 
during "the short summer, Arctic seabirds are able to meet this 
increase in energy demand. While some direct measurements 
(using the doubly labeled water (DLW) method) of energy 
expenditure indicate that many parent birds work below their 
maximum physiological capacity (see Masman et al. 1989; 
Weathers and Sullivan 1989), several seabird studies clearly 
indicate that this group of birds indeed work at or even 
exceed this "maximum" level (4 times RMR or BMR)(Roby and 
Ricklefs 1986; Birt-Friesen et al. 1989; Cairns et al. 1990; 
Peterson et al. 1990; Obst and Nagy 1992). This high energy 
demand may constrain chick growth and be the main reason for 
the early fledging strategy in some seabird species. 
Basal metabolic rate (BMR) or resting metabolic rate 
(RMR), the minimum rate of energy expenditure of homeotherms, 
is the most widely assessed parameter in avian and mammalian 
energetics. In both birds and mammals the BMR is primarily a 
function of the body mass (Kleiber 1961). The relation between 
metabolic heat production and body mass in birds has been 
discussed by Brody and Proctor (1932), King and Farner (1961), 
Lasiewski and Dawson (1967) and ~sbhoff and Pohl (1970). 
Kersten and Piersma (1987) and Daan et al. (1990) suggested 
that a high daily energy expenditure (DEE) during breeding 
should be reflected in a high BMR or RMR. They argued that the 
metabolic support tissues and organs (especially the heart and 
kidney mass) have evolved to sustain the power output needed 
during the period of maximal energy demand i.e. during the 
chick rearing period. The BMR or RMR should therefore reflect 
the metabolism of this "machinery" while the bird is resting. 
Two earlier studies of seabirds breeding in the north 
(Scholander et al. 1950a,b,c; Johnson and West 1975) and more 
recent analysis of metabolic data from seabirds (Ellis 1984; 
Bennett and Harvey 1987) indicate that BMR or RMR in northern 
seabirds are over twice as high than could be expected from 
previous size-based allometric equations. 
Thermoregulation 
Adult birds and mammals are homeotherms. Birds maintain a 
high and relatively stable body temperature of about 40 i 2 OC 
(Irving 1972), despite large fluctuations in the ambient 
temperature. For seabirds which live and breed in the Arctic, 
the temperature gradient between the body core and the 
surrounding environment can be as much as 50 O C  during the the 
summer. In order to maintain a stable body temperature, these 
birds must have a good thermal insulation and/or a high rate 
of heat production in order to compensate for heat loss. 
Although birds generally lose heat, there are some examples of 
mammals and birds occasionally gaining heat from solar 
radiation (Hardy and Stoll 1954; Gabrielsen, unpubl.). 
However, this heat gain is insignificant and such micro- 
climatic influences will not be discussed in the present 
presentation. 
The heat balance of any homeotherm with its environment 
is mathematically expressed by the body heat balance equation 
(IUPS Commision for Thermal Physiology 1987); 
* S = M * W * E * C * K * R  
where S is heat stored in the body, M is the metabolic rate, 
W is mechanical work, E is evaporative heat transfer, C is 
convective heat transfer, K is conductive heat transfer, and R 
is radiant heat exchange. Since Arctic homeotherms are almost 
always warmer than their surroundings, any heat exchange is 
largely a result of heat loss through E, C, K and R. Since it 
is very difficult to measure and distinguish the various 
avenues of heat transfer within the body and between the body 
and its environment, the general term "thermal conductance" 
has been introduced. The thermal conductance is a combined 
heat transfer coefficient for the whole body. It is a measure 
of the ease with which heat flows from the body core to the 
surrounding environment. Thermal conductance (C) is expressed 
by the equation; 
C = H/(T, - T,) 
where H is heat production, T, is deep body temperature and T, 
is the ambient temperature (air or water). If the evaporative 
heat loss (E) is included, the thermal conductance is referred 
to as "wet" conductance (Aschoff lJ981), whereas when E is 
excluded, it is referred to as "dry" conductance (Whittow 
1986). The reciprocal of conductance (1/C) is the total 
thermal insulation of the animal. In my studies, the 
Scholander et al. (1950b) model (based on Newton's Law of 
Cooling) was applied to describe the thermoneutral zone (TNZ), 
the resting metabolic rate (RMR), the lower critical 
temperature (LCT) and thermal conductance of seabirds. 
Most seabirds exploit marine food resources by either 
searching for food in the water surface layers or by diving. 
Cold stress in the aquatic environment is much higher than in 
the terrestrial environment since the thermal conductivity and 
heat capacity of water are respectively 3000 and 25 times 
higher than that of air (Irving 1972). Seabirds are able to 
reduce the heat loss by a variety of thermoregulatory effector 
mechanisms, e.g. by lowering the peripheral temperature (of 
body extremities or surface) through peripheral vaso- 
constriction and/or by arterio-venous heat exchanges and the 
counter-current exchange (Irving and Krog 1955; Steen and 
Steen 1965; Johansen and Bech 1983; Midtgdrd 1985). However, 
thermoregulatory mechanisms when exposed to the aquatic 
environment have not been part of the present study. For 
further discussion on this theme see Kooyman et al. (1976), 
Stahel and Nicol (1982) and Jenssen et al. (1989). 
A i m  of the study 
The aim of the present study was to explain how the 
different species of seabirds breeding in northern Norway and 
in Svalbard are adapted to live and breed in the Arctic 
environment. This was done by examining their resting 
metabolic rate (RMR), thermal conductance (TC) and field 
metabolic rate (FMR). The study includes different approaches 
and methods to determine energy expenditure in free ranging 
seabirds (both adults and chicks). Data on RMR and FMR in 
Arctic breeding seabirds will be discussed in relation to 
similar data from temperate and tropical areas. Energy 
expenditure data will be discussed in relation to parental 
investment and different breeding strategies of Arctic 
seabirds. 
Some of the main questions answered in this thesis are: 
Do Arctic breeding seabirds have a higher RMR and/or better 
insulation than similar seabirds breeding in temperate and 
tropical areas? Is a high RMR coupled with a high FMR? If so, 
does a high FMR in adults constrain chick growth, and is this 
the main reason for the early fledging strategy in some 
seabird species? 
METABOLIC AND INSULATIVB ADAPTATIONS 
The basal metabolic rate (BMR) or resting metabolic rate 
(RMR) are important components of total energy expenditure, 
and hence the daily food requirements. Multiples of BMR or RMR 
have been used to estimate energy expenditure of single 
individuals (Utter and LeFebvre 1973; King 1974; Ricklefs 
1974; Kendeigh et al. 1977; Walsberg 1983) and populations 
" (Furness 1978 and 1990), as well as during activities such as 
walking, swimming or flying (Raveling and LeFebvre 1967; 
Prange and Schmidt-Nielsen 1970; Tucker 1972; Fedak et al. 
1974). According to King (1974), BMR is a very precise measure 
since it provides a repeatable measure at the low end of the 
metabolic "spectrum". This is despite the fact that BMR varies 
with feeding (Weathers 1979), circadian (Ashoff and Pohl 1970) 
and seasonal cycles (Kendeigh et al. 1977). 
Birds may reduce the conductance or increase the 
insulation behaviourally or physiologically. They may fluff 
out their feathers and thereby trap more air between them, 
they may withdraw their feet or head into the feather or they 
may allow the peripheral tissue to drop in temperature 
(Lustick 1984). In birds, feather adjustment is the most 
important method used to reduce the heat loss. According to 
measurements on Penguins and Common Eiders, the plumage is 
responsible for 80-90 % of the total insulation when exposed 
to air (Le Maho et al. 1976; Stahel and Nicol 1982; Jenssen et 
al. 1989). Birds resident in northern regions tend to have a 
heavier plumage than those that migrate every year (Irving 
1960), and birds from higher latitudes have better insulation 
than birds from southern locations (Scholander et al. 
1950a,c). Colouration is also important for thermoregulation 
since birds with darker plumage colours absorb more solar 
radiation than white birds (Stonehouse 1967; Lustick 1984). 
Insulation in birds varies both dielly, being low during the 
active phase (Aschoff 1981), and seasonally, being high during 
the winter (West 1972; Bech 1980; Mortensen and Blix 1986). 
~ l l  marine birds have subcutaneous fat (Lustick 1984) which 
may act as both an insulator and an energy source during 
periods of food shortage. 
Resting metabolic rate 
Many methods have been used to measure metabolism in 
birds and mammals. One result is the synonymous use of the 
terms basal metabolic rate (BMR), standard metabolic rate 
(SMR) "and resting metabolic rate (RMR). Unfortunately it is 
often difficult to interpret and compare different studies 
since few report the conditions under which the measurements 
were made. True BMR is measured when the animal is resting, 
within the thermoneutral zone (TNZ) in the dark and in a post- 
absoptive state (Bligh and Johnson 1973). Our metabolic 
studies (Papers I, 111, IV and VII) fulfilled all but one of 
these conditions. The exception was that they were done under 
full light conditions in order to simulate the Arctic summer. 
As a result we define our measurements as being of RMR as 
opposed to true BMR. Nevertheless, we believe that our 
measurements are comparable to BMR values in the literature. 
Being synonymous with BMR and to avoid confusion, I use the 
term RMR in this thesis. 
Despite that the RMR is one of the most commonly measured 
physiological variables among birds, energy budgets have 
sometimes been constructed for birds whose RMR is unknown and 
thus had to be predicted. For such predictions, Lasiewski and 
Dawson (1967) presented allometric equations for RMR based on 
the body mass of 58 species of bifds, including 5 seabird 
species. They divided birds into two groups, passerines and 
non-passerines, with the metabolic rate in non-passerines 
being lower (RMR = 327.8 where RMR is in kJ/day and 
m is mass in kg) than in passerines (RMR = 535.9 
Aschoff and Pohl (1970) presented a similar equation where 
they also accounted for the influence of diurnal rhythm of 
activity level on RMR. The lowest RMR value was obtained 
during the resting phase (RMR = 307.7 and the highest 
during the active phase (RMR = 381.0 m0.729). These equations 
were, however, based primarily on metabolic data from birds 
from temperate and tropical areas. Very little metabolic data 
then existed from the Arctic or Antarctic. Weathers (1979) 
proposed that bird RMR (including 3 seabird species) was a 
function of breeding latitude with species breeding at high 
latitudes having higher RMR than those in temperate and 
tropical areas. Later, Ellis (1984) presented data from 16 
Charadriiformes (41 species, mainly Laridae) which supported 
this view. He found that the ratio of measured to predicted 
RMR increased from 0.8 in the tropics to 1.8 in Arctic 
breeding species. His modified equation for RMR = 381.8 
was elevated but parallel to that of non-passerines as 
predicted by Lasiewski and Dawson (1967). Recently, Bennett 
and Harvey (1987) quantified deviations in metabolism from a 
regression fitted to data for 78 bird families (356 species). 
Their equation for RMR was as follows; RMR = 2.34 (where 
RMR is in kJ/day and m is in g). This equation included 10 of 
the 11 seabird families which also had a higher RMR than 
expected in relation to their size. Table 1 presents RMR 
values of 8 species of seabirds measured in Svalbard and on 
Horn~ya. The lowest mean mass-specific RMR values were found 
in Glaucous Gulls and Eiders (0.88 and 0.86 ml 02/g.h, 
respectivly) which are the heaviest birds (Table 1). The 
highest mean mass-specific RMR value was found in the Little 
Auks (2.42 ml 02/g.h) which are the lightest (Table 1) (Paper 
I, 111, IV and VII). These RMR values plus earlier RMR values 
of northern seabird species (see Table 3) (Scholander et al. 
1950b,c; Iversen and Krog 1972a; Johnson and West 1975; 
Mean body mass (BMiSD), specific resting metabolic rate ( m t s ~ ) ,  lower critical temperature (LCT) 
and body temperature (TBtSD) in eight species of Arctic seabirds. N is number of birds. 
Species 
Kittiwake 
Glaucous Gull 
Pulmar 
Black Guillemot 
Br. GuillemOt 
Common Guillemot 
Little Auk 
Common Eider 
LCT 
("'3 
- 
+ 4 . 5  
t2.0 
+9.0 
+7.0 
+2.0 
is. oa 
+4.5 
+7.0 
source 
from Johnson and West (1975) 
Prom: * Paper I11 
** Paper IV 
**+ Gabrielsen k llehlum, unpubl. 
. . 
**** paper I 
tt+*+ Paper VII 
Resting metabolic rate (RMR) in eight species of Arctic seabirds as measured in this study 
compared to calculated values from the literature. 
Species RMR 
BM This study L&D A&P ellis Ellis Lat. B&H Gabrielsen 
9 (kJ/day) (1967) (1970) (1984) corr.eq. (1987) et al. 
(1984) (1994) 
Kittiwake 365 
Glaucous Gull 1326 
Fulmar 651 
Black Guillem. 342 
Briinnich's Guillem. 819 
Common Guillem. 913 
Little Auk 153 
Common Eider 1600 
Data from this study are compared (as % of this study's RMR) to values predicted using to the 
equations given by Lasiewski and Dawson (LkD) (1967), Aschoff and Pohl ( M P )  (active phase) 
(1970), Ellis (1984) (for seabirds and latitude corrected equation), Bennett and Harvey (mH) 
(1987) and Gabrielsen et a1. (1994). Sources and number of birds as in Tab. I. 
Table 3 
Comparative resting metabolic rate (RMR) of seabirds measured at latitudes above 50'. 
Lati- 
Species B M ~  N tude R M R ~  ORMRC Source 
NORTH 
Kittiwake 405 
Kittiwake 420 
Kittiwake 340 
Kittiwake 418 
Kittiwake 365 
Common Guillem. 836 
Common Guillem. 803 
Common Guillem. 956 
Common Guillen. 913 
Brilnnich's Guillem. 803 
Brunnich's Guillem. 1094 
Brunnich's Guillem. 989 
Briinnich's Guillem. 819 
Brunnich's Guillem. 784 
Black Guillemot 342 
Pork-tailed S.Petre1 49 
Leach's S.Petre1 42 
Least Auklet 83 
Little Auk 153 
Glaucous Gull 1210 
Glaucous Gull 1326 
SOUTH 
Common D.Petre1 132 
S.Georgia D.Petre1 119 
Wilson's S.Petre1 36 
Wilson's S.Petre1 34 
South Polar Skua 1130 
South Polar Skua 1250 
Giant-Petrel 3980(M) 
Giant-Petrel 3280(F) 
Giant-Petrel 3929 
Kelp-Gull 980 
Blue-eyed Shag 2660 
Gabrielsen et al. 1994 
Gabrielsen, unpubl. 
Brent et al. 1983 
Krog & Taien 1984 
Paper I11 
Croll & McLaren 1993 
Gabrielsen et al. 1994 
Johnson & West 1975 
Paper VII 
croll & McLaren 1993 
Gabrielsen et al. 1994 
Johnsen & West 1975 
Paper I11 
~ r o g  & Tnien 1984 
Paper 111 
Iversen & Krcq 1972a 
Iversen & Krog 1972a 
Roby & Ricklefs 1986 
Paper IV 
Scholander et al. 1950b 
Gabrielsen & Kehlum 1989a 
Roby & Ricklefs 1986 
Roby & RicklefS 1986 
Obst et al. 1987 
Morgan et al. 1992 
Ricklefs & Matthew 1983 
Morgan et al. 1992 
Ricklefs & Matthew 1983 
Ricklefs & Matthew 1983 
Morgan et al. 1992 
Morgan et al. 1992 
Ricklefs & Matthew 1983 
a mass in gram 
b resting metabolic rate in kJ/d 
c % of predicted RMR based on Lasiewski and 
Dawson (1967). Values in parantheses are based 
on Ellis (1984). 
Brent et al. 1983; Krog and Taien 1984; Roby and Ricklefs 
1986; Gabrielsen and Mehlum 1989a; Croll and McLaren 1993; 
Gabrielsen et al. 1994; Paper I, 111, IV and VII) confirm 
findings that seabirds breeding at high latitude have a higher 
RMR than seabird species of similar body mass measured at low 
latitudes. In the present study, Arctic breeding seabirds, 
exposed to ambient temperatures within their thermoneutral 
zone, maintained an RMR about 13-111% higher than birds in 
general (compared to Lasiewski and Dawson (1967) and Aschoff 
and Pohl (1970)) and 12-81% higher than seabirds in general 
(compared to Ellis 1984) (Table 2). On average, the mean RMR 
in this study was 65, 43 and 42% higher than Lasiewski and 
Dawson (1967), Aschoff and Pohl (1970) and Ellis (1984), 
respectively (Table 2). The RMR values of northern birds are 
similar to those of Antarctic seabird species (South Polar 
Skuas (Catharacta maccormicki), Blue-eyed Shags (Phalacrocorax 
atriceDs), Kelp Gulls (Larus dominicanus), Giant Petrels 
(Macronectes aiaanteus), Common Diving Petrel (Pelecanoides 
urinatrix), South Georgia Diving ~'etrel (P.aeoraicus) and 
Wilson's Storm Petrel (Qceanites)) which themselves 
are 25-98 % higher than predicted by Lasiewski and Dawson 
(1967) (Table 3) (Ricklefs and Matthew 1983; Roby and Ricklefs 
1986; Obst et al. 1987; Morgan et al. 1992). High RMR is also 
found in other northern bird species such as ptarmigans 
(Laaoaus laao~us, L. mutus and L. m. hvaerboreus) and ravens 
(Corvus corax) (West 1972; Schwan and Williams 1978; Mortensen 
and Blix 1986). The results from the studies above indicate an 
influence of climate on RMR and is in accordance with earlier 
observations by Weathers (1979), Hails (1983) and Ellis (1984) 
that RMR in birds may be a function of breeding latitude. 
One exception from the general view of a high RMR in 
northern seabirds is the result from Fulmars (Procellarii- 
formes) (Table 1 and Table 2) (Paper 111). They have a low 
mass-specific RMR (1.00 ml 0Jg.h) which is close to the 
predicted value for other non-passerines (Ellis 1984; Bennett 
and Harvey 1987) and nearly identical to that predicted by 
Adams and Brown (1984) for 10 species of sub-Antarctic 
Procellariiformes. 
The RMR values of all the seabird species studied here 
were higher than allometric equations predict. This indicates 
metabolic adaptations to the low air and seawater temperatures 
to which they are normally exposed (in Svalbard, 2-5OC in air 
and 0-S°C in water). The adaptive value of a high RMR in 
seabirds will be a reduced lower critical temperature (LCT). 
This will reduce energy expenditure (by skeletal muscles) 
otherwise needed to maintain a constant body temperature at 
low ambient temperatures. The LCT for Arctic seabirds ranged 
between 2.0 and 9.0°C (Table 1) (Paper I, I11 and IV). The 
species specific LCTs differ mainly due to differences in size 
and insulation. One should remember that these metabolic 
studies were carried out during the breeding period when most 
birds have a naked brood patch. This may have increased the 
RMR through a reduction in insulation and hence an increase in 
LCT. However, in Kittiwakes, Glaucous Gulls, Little Auks, 
Common and Brunnich's Guillemots the LCT (Table 1) is close to 
the arribient and seawater temperatures in the area. This 
suggests that these species are not cold stressed during the 
breeding period. Fulmars and Common Eiders have a LCT of 9.0 
and 7.0°C, respectively (Table 1). However, this is compensated 
for by a low conductance value (good insulation) (Table 4) 
which results in a relatively low energy expenditure during 
thermoregulation at ambient temperatures below the LCT. 
In temperate and tropical areas, a distinct day/night 
variance in light intensity is accompanied by a clear 
variation in RMR and body temperature. Aschoff and Pohl (1970) 
measured a 20-25% higher metabolism in birds during their 
active phase (day) than during their resting phase (night). 
Furthermore the RMR of two species of temperate seabirds 
measured during the summer decreased 10-15% at night (Gavrilov 
1985). In contrast, diurnal phases in RMR and body temperature 
seem to be absent under continous light conditions of the 
Arctic summer. Our measurements of RMR, which were made under 
full light conditions to simulate the Arctic summer, as well 
as our measurements of body temperatures, using an implanted 
temperature transmitter (Paper I, ~ I I ,  Gabrielsen, unpubl . ) , 
indicate an absence of a nocturnal resting phase. However, 
since seabirds in the north are active during both the day and 
the "night", it is inappropriate to talk about the active/ 
resting phases described by Ashoff and Pohl (1970). The lack 
of a dark-induced resting phase may therefore be one reason 
for a high RMR in Arctic seabirds. 
However, physiological factors other than those 
influenced by size, climate and diurnal phase may also 
contribute to a high RMR in Arctic seabirds. Roby and Ricklefs 
(1986) and Gabrielsen et al. (1988)(Paper 111) suggested that 
a bird's physical activity or their mode of life (i.e. diving 
or surface feeding, soaring/gliding flight as opposed to 
flapping flight) may influence the RMR. As a result, the 
skeletal muscles have increased in size and capacity in some 
of the more active seabird species. This, in turn, depends on 
a high level of "support" from the organs in the abdominal 
cavity since the muscles depend on them for fuel, degradation 
of waste material and repair of tissue. A high activity level 
is therefore expected to result in a high RMR. The eight 
species studied here vary greatly in activity levels. Little 
Auks, Black Guillemots, Common Eiders, Common and Brunnich's 
Guillemots are divers and Kittiwakes, Fulmars, Glaucous Gulls 
are surface feeders. While Fulmars and Glaucous Gulls are 
primarily gliders, Kittiwakes use flapping/gliding flight and 
Auks use flapping flight only. The latter is the most 
expensive mode. When using Masman and Klaassen's (1987) 
equation for calculating flight cost, Fulmars and Glaucous 
Gulls should have lower flight costs than Kittiwakes which in 
turn should have a lower flight cost than Auks. Bennett and 
Harvey's (1987) analysis of seabird RMR at taxonomic level 
found the highest RMR among the Auks. Since there is a strong 
positive correlation between RMR and activity (Ellis 1984; 
Birt-Friesen et al. 1989; Paper 111) there is probably a close 
linkage between BMR and maximum power output. This means that 
a high RMR should correlate with a high FMR (for further 
discussion see energy cost of chick rearing, page 49-50). 
Our RMR measurements of Common Eiders from Svalbard (Paper I) 
were 23% higher than RMR values reported in central Norway in 
winter acclimatized Eiders (in resting phase) (Jenssen et al. 
1989) suggesting a seasonal difference in RMR. However, our 
RMR measurements of Kittiwakes (1.61 ml O,/g'h), also measured 
in April on Svalbard (79 ON) (Gabrielsen, unpubl.), and 
Gavrilov's (1985) study of 16 species of non-passerine 
species, showed little or no seasonal variation in RMR. It 
is thus difficult to explain that Scholander et al's (1950b) 
spring (April) RMR in Glaucous Gulls in Alaska was 47% higher 
than our summer values (Paper 111). In contrast to these RMR 
measurements, summer acclimatized Willow Ptamigan and Rock 
Ptarmigan are reported to have a higher metabolic rate 
(108-122 % )  than winter birds (Mortensen and Blix 1986). 
The advantages of a a low RMR in winter birds would be the 
resulting low energy expenditure. This would be a reasonable 
adaptation to the cold and harsh conditions that these birds 
face during the winter. 
Having corrected for latitude, using Ellis' (1984) 
"latitude-corrected" equation (perkentage increment, % BMR = 
2.02 lat. + 52.3 relative to the predictions made from the 
Lasiewski and Dawson (1967) equation), the RMR of seabirds 
breeding in northern Norway and in Svalbard are up to 40% 
below the measured values (Table 2)(Paper I, 111, IV and VII). 
Bennett and Harvey (1987), using analysis of variance, found 
no significant difference in RMRs between families breeding at 
different latitudes. Despite the large number of families and 
species used in their analysis, our RMR values were on average 
118% higher than theirs. Our RMR data, measured at different 
latitudes (Paper 111; Gabrielsen et al. 1994) also indicate 
that there is no latitudinal trend in RMR in northern 
seabirds. A new equation showing the relationship between 
metabolic rate and body mass was thus presented based on new 
metabolic measurements of birds both from the Arctic, sub- 
Arctic and Antarctic areas (Gabrielsen et al. 1994). This 
equation is based on twice the the number of flying seabirds 
used by Ellis (1984) and Bennett and Harvey (1987). In the 
data set, a range of body masses represented at each latitude 
was included, but there was no correlation between latitude 
and body mass of birds measured. In 57 species studied (71 
measurements, excluding Sphenisciformes), RMR was related to 
body mass by the equation; RMR = 424.7 m0-732 (RMR in kJ/d and 
m in kg). The slope of this regression is similar to that of 
Aschoff and Pohl's (1970) equation for non-passerines in the 
resting phase (0.734). Since Procellariiformes differ markedly 
from the general equation (Paper 111; Bennett and Harvey 1987) 
a separate equation was calculated for this group of seabirds 
(27 measurements) ; RMR = 377.0 m0.705. The slope of 0.705 is 
close to the value (0.680) obtained for 10 species of sub- 
Antarctic procellariiformes by Adams and Brown (1984). When 
both the Procellariiformes and Sphenisciformes (penguins, 
which do not fly) are excluded, the equation becomes RMR = 
455.1 m0.746 (44 measurements). This time the slope of 0.746 
is very close to that calculated by King and Farner (1961) 
(0.744), Kleiber (1961) (0.75) and Scholander et al. (1950~) 
(0.75) for homeotherms. However, the equation still over- 
estimates the RMR in Arctic seabirds by 20% (Table 2). The 
difference is greater for small seabirds (less than 0.5 kg), 
while for Arctic seabirds weighing between 0.5 and 2.0 kg this 
equation gives a good approximation. 
In mammals, a failure to standardize measurement criteria 
when comparing metabolic rates among groups of animals was the 
main reason why marine mammals were long thought to have 
elevated metabolism (see Lavigne et al. 1986). This possi- 
bility was also raised by Bennett and Harvey (1987) in their 
analysis of metabolic data from birds. 
Direct and indirect calorimetry are the two main methods 
used to determine RMR in birds. The indirect method is based 
on determinations of the quantities of oxygen used, quantities 
of carbon dioxide produced, or the amounts of food utilized. 
Measurements of metabolic rate based on determinations of 
oxygen used, carbon dioxide produced, or a combination of the 
two have most frequently been employed (Gordon 1977). 
Two methods have been used to measure oxygen consumption 
in animals. These are closed- and open-circuit respirometry. 
When comparing these two methods (Paper VI and VII), the RMR 
was lower using closed-circuit respirometry (on a body weight 
basis). Since a strict experimental protocol is presented and 
the calibration procedure was followed in our open-circuit 
measurements, but not in eg. Birt-Friesen et al's (1989) and 
Cairns et al's (1990) closed circuit experiments, it is 
difficult to explain the difference between the results using 
the two methods. However, it is possible that the ineffective- 
ness of the CO, absorbent might be a source of error in closed- 
circuit experiments (Paper VI and VII). Thus, a test of the 
validity of the measured RMR values by carrying out a 
controlled comparison of these two methods is needed. 
Insulation 
For animals living in the cold, Scholander et al. 
(1950a,c) described two main physiological and behavioral 
adjustments to maintain a stable body temperature. One was to 
reduce the heat loss by increasing the insulation, the other 
was to increase heat production by increasing the metabolism. 
While the Eiders and Glaucous Gulls, which have a low RMR and 
low thermal conductance (TC), seem to use the former 
mechanism, the latter seems to be used by Kittiwakes, Black 
Guillemots and Little Auks who have a high RMR and high TC 
value (Table 4) (Paper I, 111, IV). As the air temperature 
decreased below the lower critical temperature (LCT), 
metabolic heat production increased in all seabird species in 
order to maintain homeo-thermy. The TC values of 7 seabird 
species are presented in Table 4 (Paper I, I11 and IV). 
Table 4 
T h e m 1  conductance ( K )  in seven species of Arctic seabirds during the breeding season compared 
to literature data. 
Species TC 
BM This study H&K Asch. Source 
(g) (nl 02/g.h.'C) (1967) (1981) 
Kittiwake 365 0.0466 115 86 * 
Glaucous Gull 1326 0.0248 122 85 "* 
Pulmar 651 0.0336 113 82 * 
Black Guillem. 342 0.0475 113 85 * 
Br"nnich's Guillem. 819 0.0282 107 77 + 
Little Auk 153 0.0630 98 76 *= 
Common Eider 1600 0.0240 131 90 ..+* 
Data fro; this study are compared (as Q of this study's TC) to values predicted using the 
equations given by Herreid and Kessel (H&K) (1967) and Aschoff (Asch.) (1981). Sources as in 
Tab. 1. 
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The lowest TC values were found in Eiders and Glaucous Gulls, 
(0.0240 and 0.0248 ml O,/g.h.OC, respectively) which are the 
heaviest birds. The highest TC value was found in Little Auks 
(0.0630 ml O,/g.h.OC) which are the lighest (Paper I, I1 and 
IV). Two of seven seabird species studied, the Black Guillemot 
and Kittiwake have similar RMR values and body mass (Table 1). 
When comparing the two, one would expect the Black Guillemot, 
a diver, to be better insulated than the Kittiwake, a surface 
feeder. This is not the case, both having similar TC values 
(Table 4). 
In most seabird species the TC were close to the 
allometric values calculated for birds of similar size 
(Table 4). Compared to Herreid and Kessel's (1967) equation 
for dead birds (dry conductance), we obtained values within 
98-131% of their predictions and 76-90% of Aschoff's (1981) 
(active phase) predictions (Table 4). When compensating for 
respiratory heat loss, which Drent and Stonehouse (1971) 
estimated to be 12 % of total heat loss, our measurements were 
even closer to Herreid and Kessel'b (1967) predictions than 
those of Aschoff (1981)(Table 4). 
According to Bligh and Johnson (1973), thermal 
conductance should be expressed as w/m2 .OC (where W is watt), 
since heat is lost from the body surface area. It is therefore 
more appropriate to express the term thermal conductance as a 
function of body surface area than of body mass. Based on 
Meeh's (1879) equation A = k . m0.667 (where A is the body 
surface area, m is body mass in kg and k is a constant (for 
birds = 10) (Benedict (1934)), we calculated that, of the 
seven species studied, the lowest conductance or the best 
insulation was found in Common Eiders, while the Little Auks 
had the highest conductance or poorest insulation (Gabrielsen 
and Mehlum 1989a). 
The TC value also varies with season in seabirds. The 
present TC values were obtained during the breeding season. 
For the 7 species in this study, the only winter TC value 
published is for the Eider. The TC value in winter 
acclimatized Eiders was 25% lower than that of summer 
acclimatized Eiders (Jenssen et al. 1989; Paper I). Seasonal 
variations in TC have also been found in other Arctic and sub- 
Arctic species (West 1972; Bech 1980; Rintamaki et al. 1983; 
Barre 1984; Mortensen and Blix 1986). In ptarmigans (Laso~us 
spp.), the thermal conductance in winter birds were 8-32% 
lower than in summer acclimatized birds (Mortensen and Blix 
1986). A better insulation during the winter was mainly 
attained through an increase in subcutaneous fat and thicker 
plumage in winter birds (Mortensen and Blix 1986). A reduced 
summer insulation in Eiders is probably due to loss of down 
(used as insulating nest material) and the formation of a 
naked brood patch from which they may lose heat. Insulation in 
female Eiders may also be reduced because they lose body mass 
(mostly fat) during the incubation period (Korschgen 1977; 
Parker and Holm 1990; Paper 111). 
When comparing summer TC values of Arctic breeding 
seabirds (Paper I, I11 and IV) with more temperate seabird 
species, we found considerable interspecific variability. 
TC values of Briinnich's Guillemots measured at Svalbard (79 ON) 
were 54% lower than measurements of the same species measured 
further south (65 ON) (Johnson and West 1975; Paper 111) . The TC 
values of gulls, of similar body size, was lower in temperate 
areas indicating better insulation than Arctic gulls (Herreid 
and Kessel 1967; Drent and Stonehouse 1971; bustick et al. 
1978; Gavrilov 1985; Huppop 1987; Paper 111). The TC value in 
Little Auks was low compared to that of diving petrels (Common 
Diving Petrel and South Georgia Diving Petrel) of similar body 
size measured in sub-Antarctic areas (Roby and Ricklefs 1986; 
Paper IV). Arctic breeding raven (Schwan and Williams 1978) 
and ptarmigan (West 1972; Mortensen and Blix 1986) had lower 
TC values than seabirds, indicating that these permanent 
residents are better cold-adapted than seabirds. 
Body temperature 
Deep body temperature is dependent on metabolic rate and 
insulation (or its reciprocal conductance)(Irving 1972). 
Measurements of body temperature of Arctic bird species 
clearly show that they do not have higher body temperatures 
than bird species from the Antarctic, sub-Arctic, temperate 
and tropical areas (Scholander et al. 1950a,b; Irving and Krog 
1954; Drent 1965; Irving 1972; Barrett 1978; Morgan et al. 
1992). In the present investigation of 8 seabird species 
(Table l)(Paper I, 111, IV and VII) the mean body temperature 
was stable over the whole range of ambient temperatures 
(between -25 to +20 OC) at which they were exposed. Fulmars had 
significantly (pC0.05) lower body temperatures than the other 
species measured. 
During summer expeditions to Svalbard in 1838 and 1840, 
Martins (1845) measured the body temperatures in 10 species of 
"webfooted" birds to 40.6 OC. We do not know the species 
included in this study but they probably included Common 
Eiders, Kittiwakes, Glaucous Gulls and alcids. His value is 
very close to that presented in later studies of Arctic and 
sub-Arctic seabirds (Irving 1972; Iversen and Krog 1972b; 
Paper I, 111, IV and VII). 
According to Gavrilov's (1985) studies of seabirds in 
temperate areas (also measured during the summer), changes in 
body temperature were correlated with changes in metabolic 
level, which were associated with changes in light intensity. 
Body temperature measurements of resting Common Gulls (Larus 
canus) and Black headed Gulls (Larus ridibundus) varied 
between 38.5-39.0 OC at night and 39.0-40.0 OC during the day 
(Gavrilov 1985). Measurements of body temperatures by means of 
an implanted temperature transmitter in Kittiwakes and 
Brunnich's Guillemots at the island of St. Paul (57 ON), 
Alaska, showed a clear die1 pattern of body temperatures 
(Gabrielsen et al. 1994). Daytime body temperatures (40.8 and 
41.3 OC) was significantly higher than at night (40.1 and 40.5 
OC) in Kittiwakes and Brunnich's Guillemots, respectively. This 
indicates that the body temperature at rest is nearly the same 
at both St. Paul and at Svalbard during the summer. However, 
in contrast to Gavrilov's (1985) results, these changes in 
body temperature was not correlated with an increase or 
decrease in RMR (Gabrielsen et al. 1994). We have in our 
metabolic studies which took place in the Arctic (Paper I, 
111, IV and VII) been unable to find any diel differences in 
RMR and body temperature when comparing birds measured 
throughout the 24 hour period. This indicates a lack of any 
diel resting phase for RMR and body temperature in Arctic 
seabirds during the summer, which is clearly a response to the 
contineous daylight in the region. 
Seasonal variations in body temperatures are recorded in 
many Arctic and sub-Arctic bird species (Irving 1972; Gavrilov 
1985). The body temperatures in winter acclimatized Common 
Eider (Jenssen et al. 1989) was significantly (p<0.05) lower 
(1.0-1.5 OC) than the body temperature reported for summer 
birds (Paper I). Body temperature in Common and Brunnich's 
Guillemots measured in the present study (paper III)(39.6 and 
39.7 OC, respectively) also seem to be higher than measurements 
(38.9 OC) of the same species at Fairbanks, Alaska (Johnson and 
West 1975). In the latter study, the authors do not give the 
exact date of temperature measurements. However, the ambient 
temperature was 0 OC so it is reasonable to believe that these 
are autumn/winter/spring adapted birds. Common Eiders, Common 
and Brunnich's Guillemots stay in northern Norway, in the 
Barents Sea and south of Svalbard, respectively, during the 
winter. For these species a low RMR and a low body temperature 
will be of advantage to economize body resources during the 
long winter nights. 
The Fulmar (paper 111) had a significantly (pc0.05) lower 
body temperature (38.7 OC) than the other species studied. This 
is in accordance with other studies showing that Procellarii- 
formes have lower body temperatures than other non-passerines 
(McNab 1966; Adams and Brown 1984). 
ENERGY COST OF REPRODUCTION 
The process of reproduction results in a substantial 
increase in the energy demand of birds, particularly for the 
female. The production of an egg or a clutch of eggs creates 
both energy and nutrient demands that are superimposed upon 
the normal energy expenditure and activity costs. Prior to egg 
laying, female birds increase their food intake and body mass 
by 10-30 % (Parker and Holm 1990; Gabrielsen, unpubl.). This 
body mass increase is mainly due to the development of 
reproductive organs and the build up of fat reserves. 
Depending on the number of eggs laid and if parents share the 
incubation, most female seabirds lose 10-20 % of their body 
mass during the egg-laying period. Black Guillemots, Little 
Auks, Fulmars, Common and Brunnich's Guillemots lay their 
egg(s) directly on rocky shelves on the bird cliff, under 
stones or in crevices with little or no nest insulation. 
Kittiwakes and Glaucous Gulls insulate their nest with plant 
material, whereas female Common Eiders build well insulated 
nests lined with a thick layer of down. In contrast to single 
sex incubators which have to rewarm the eggs after feeding 
(Haftorn and Reinertsen 1985; Gabrielsen and Unander 1987), 
most seabirds can maintain a more or less stable egg 
temperature since one of the parents always incubates the 
egg(d). Seabirds incubate for prolonged bouts, during which 
they are inactive or fasting. In Kittiwakes and Brunnich's 
Guillemot, incubation does not involve a reduction in body 
mass (Gaston and Perin 1993; Gabrielsen, unpubl.). When 
relieved at the nest by the mate, the parent bird can easily 
spend enough time in the feeding area to regain its body mass. 
In these species, body mass loss (5-10%) occurs soon after 
hatching (Croll et al. 1991; Gaston and Perin 1993; 
Gabrielsen, unpubl.). In contrast to most seabirds, female 
Common Eiders incubate alone and abstain from feeding during 
almost all the incubation period. This results in a body mass 
loss of 30-45% between egg laying and hatching (Milne 1963; 
Korschgen 1977; Parker and Holm 1990; Paper I). 
While incubating, the energy cost in seabirds is limited, 
and determined mainly by the amount of cold stress below the 
thermoneutral zone. However, once the chick(s) hatch, there is 
a sharp increase in energy demand of the parent birds 
(Ricklefs 1983). They must now maintain not only their own 
requirements, but also those of the chick(s). Apart from 
feeding the chick, this involves protecting them against 
predators, and warming them for the first 5-10 days after 
hatching. The energy invested by the parent seabird during the 
chick rearing period is thus partly determined by the number 
of chicks, the growth rate of the chick(s) and, in most 
species, the distance to the foraging area. However, cold 
stress, as also experienced during the incubation period, is 
still an important factor determining energy expenditure 
during chick rearing. 
Estimates of the energy budget of birds have usually been 
based on time-activity observations combined with laboratory 
measurements of activity cost (Gessaman, 1973; King, 1974; 
Kendeigh et al., 1977; Mugaas and King, 1981; Walsberg 1983; 
Gabrielsen and Mehlum, 1989b). Since seabirds often travel 
long distances to forage it is difficult to make direct 
observations of free-ranging individuals. The use of telemetry 
systems (Kooyman et al., 1982; Hill et al., 1983; Prince and 
Francis, 1984; Mohus 1987; Gabrielsen and Mehlum 1989b) and 
the DLW method (Weathers and Nagy, 1980; Williams and Nagy, 
1984; Nagy et al., 1984; Bryant et al., 1985; Paper 11, IV, 
V, VI and VII) have helped the collection of energy 
expenditure data for free ranging birds. 
Energy cost of incubation 
Hypotheses related to the cost of incubation were first 
presented by Kendeigh (1963) and King (1973). Kendeigh's model 
assumed that heat lost from the egg must be balanced by extra 
heat produced by the parent bird. King argues that the bird's 
metabolic rate at rest, and the heat produced as a by-product 
of the embryo's metabolism could substitute at least part of 
the heat needed to maintain the egg temperature. Several 
studies have since been made to test these hypotheses. 
Indirect methods of estimating the cost of avian incubation 
include measurements of heat loss from eggs (Kendeigh 1963, 
Walsberg and King 1978), the clutch mass method (West 1960; 
Ricklefs 1974) and heat budget modelling (Walsberg and King 
1978.). Direct measurements of incubation cost have included 
measurements of food intake (Riddle and Brancher 1934; El- 
Wailly 1966; Brisbin 1964), oxygen consumption or carbon 
dioxide production (Norton 1973; Mertens 1977, 1980; Biebach 
1979; Gessaman and Findell 1979; Vleck 1981; Grant and Whittow 
1983; Haftorn and Reinertsen 1985; Taien et al. 1986; 
Gabrielsen and Unander 1987), measurements of loss of body 
mass (Prince et al. 1981; Croxall 1982; Croxall and Ricketts 
1983; Grant and Whittow 1983) and the doubly labeled water 
(DLW) method (Pettit et al. 1988; Gales and Green 1990). While 
most of these studies have been carried out in the laboratory 
a few were also based on free-living birds on the nest site. 
Furthermore, there are a few studies which compare incubating 
birds with non-incubating birds. 
Most studies, usually on single sex incubators weighing 
less than 0.5 kg, indicated that the energy cost of incubation 
is equivalent to 1.1-1.3 times RMR (Mertens 1977; Biebach 
1979, 1981; Vleck 1981; Haftorn and Reinertsen 1985; 
Gabrielsen and Unander 1987). However, studies on larger birds 
that fast during incubation or inchbate within their thermo- 
neutral zone, have shown that the metabolic rate is maintained 
at or below the RMR level of non-incubating individuals (Table 
5) (Grant and Whittow 1983; Brown 1984; Grant 1984; Brown and 
Adams 1984; Pettit et al. 1988; Paper I). In contrast to these 
studies which used the doubly labeled water method or were 
based on oxygen consumption, the energy costs of incubation 
derived from mass loss were estimated at 1.1-2.3 times RMR for 
petrels and albatrosses (Croxall 1982; Croxall and Ricketts 
1983) and 1.1-1.7 times RMR for penguins (Croxall 1982). There 
are however, very few studies of the energy cost of incubation 
in Arctic seabirds (see Table 5)(Gaston 1985; Gabrielsen and 
Mehlum 1989b; Paper I). In incubating Kittiwakes, using an 
activity recorder combined with measurements of the energy 
cost of different activities, the energy cost of incubation 
was calculated to 2.2 times RMR (Gabrielsen and Mehlum 1989b). 
Using the DLW method, the energy cost of incubation of the 
same species was estimated to 1.7 times RMR (Table 5) 
(Gabrielsen and Mehlum, unpubl.). The IMR af incubating Black 
Guillemots and Briinnich's Guillemots in the high Arctic, also 
measured using the DLW method, was calculated to 2.1 and 3.0 
times their RMR, respectively (Table 5) (Gaston 1985). 
Table 5 
Measurements of incubation cost (IMR) in seabirds using the doubly labeled water (DLW) methd 
or oxygen consumption method. IMR is compared to resting metabolic rate (RHR) values from the 
same species. 
Species IMR RMR IMR/RHR Method Source 
(kJ/d) (kJ/d) ratio 
Macaroni Penguin 
Rockhopper Penguin 
Little Penguin 
Wandering Albatross 
Laysan Albatross 
Laysan Albatross 
Bonin Petrel 
Leach's Storm Petrel 
Leach's Storm Petrel 
Sooty Tern 
Black Guillemot 
Briinnich Guillemot 
Kittiwake 
Eider 
Eider 
Oxygen Cons. 
oxygen Cons. 
DLW 
Oxygen Cons. 
oxygen Cons. 
DLW 
Oxygen Cons. 
DLW 
DLW 
DLW 
DLW 
DLW 
DLW 
Oxygen Cons. 
DLW 
Brown 1984 
Brown 1984 
Gales & Green 1990 
Brown & Adams 1984 
Grant & Whittow 1983 
Pettit et al. 1988 
Grant & Whittow 1983 
Montevecchi et al. 1991 
Ricklefs et al. 1986 
Flint & Nagy 1984 
Gaston 1985 
Gaston 1985 
Gabrielsen.unpub1. 
Paper 111 
Gabrielsen & Erikstad. 
unpubl . 
a RHR from Stahel and Nicol (1982) d RMR from MacHillen et al. (1977) 
bDifferent methods - mask for IMR, box for RMR Average IMR 
RMRrfrom Grant & Whittow (1983) f RHR from Gabrielsen et al. (1988) 
High IMR values (2.1 and 2.7 times RMR) were also found in 
incubating Leach's Storm Petrels (Dceanodroma leucorhoa) 
studied in temperate areas (Table 5) (Ricklefs et al. 1986; 
Montevecchi et al. 1991). Compared with the RMR values, the 
IMR values measured in Black Guillemots, Brunnich's 
Guillemots, Kittiwakes and Leach's Storm Petrels are 1-2 times 
higher than the IMR value of incubating Common Eiders 
(measured using the oxygen consumption and the DLW methods) 
(Table 5) (Paper I; Gabrielsen and Erikstad, unpubl.). The 
cost of incubation in most seabirds is thus high. Most seabird 
species in the Arctic have little or no nest insulation. The 
mean ambient temperature in my study area (mean = +2'C in June 
at Svalbard) is below their LCT, indicating that they must 
produce extra heat in order to maintain their own body 
temperature as well as the optimal egg temperature. This 
implies an increased energy cost in Arctic breeding seabirds 
compared to similar species breeding in temperate and tropical 
areas. However, eggs of the female Eiders are well protected 
from cold stress in a well insulated nest. The down in the 
nest reduces the heat loss from both the eggs and the brood 
patch. The combination of a well insulated nest, a low thermal 
conductance, a low activity and a high nest attentiveness has 
enabled the female Common Eiders to reduce the energy cost of 
incubation to a level close to the RMR level of non-incubating 
individuals. 
When comparing the estimates of energy expenditure based 
on oxygen uptake or the DLW method with estimates based on 
mass loss of incubating females (Paper I; Gabrielsen, unpubl.) 
large discrepancies appear. In Eiders, the IMR value obtained 
by mass loss (Korschgen 1977; Parker and Holm 1990; Paper I) 
as 20-35 % lower than values using oxygen uptake or the DLW 
method (Paper I; Gabrielsen, unpubl.). Similar IMR comparisons 
made in other species (penguins, petrels and albatrosses) 
showed both under- and overestimates using the mass loss 
method (Grant 1984; Groscales 1988). In the case of the female 
Common Eiders, the fact that they drink and possibly eat (as 
recently documented for birds in Holland by Swennen et al. 
(1993)) towards the end of incubation (Paper I), and that the 
body water content increased from 51% at egg laying to 63% at 
hatching (based on body composition analysis)(Parker and Holm 
1990) are the main cause of the underestimate, using the mass 
loss method (Paper I). Similar conclusions were drawn by 
Groscales (1988) for penguins. According to him, energy 
expenditure should only be determined in the middle of the 
starvation period in order to avoid the final period of 
protein catabolism. 
During periods of long-term fasting, mammals and birds go 
through three different periods; a rapid adaptation period, a 
long period of economy, and finally a critical period (Kleiber 
1961; Le Maho 1983). Common Eider seem to go through the first 
two periods (Paper I). In geese and penguins, the adaptation 
period is characterized by a rapid reduction (30-50%) in RMR 
(Benedict and Lee 1937; Le Maho et al. 1981; Le Maho 1983). 
However, in the female Common Eider, the IMR level does not 
drop below the RMR level of non-incubating individuals 
(Paper I). What is the physiological cause of this apparent 
discrepancy? 
The rates of oxygen consumption and metabolism are 
influenced by the thyroid hormones (Falconer 1971; Etkin 
1978). In some birds (eg. chicken and penguins) the T, 
(triiodothyronine) level normally drops during starvation 
(May 1978; Cherel et al. 1988). However, in incubating female 
Common Eiders, there was a stable or even slight increase in 
the T, level indicating that they do not reduce their 
metabolism (Paper I). Whereas body temperature in starved 
geese decreased from 40.1 to 39.3 OC (Le Maho et al. 1981), 
that of the incubating female Common Eiders were stable at 
40.1 OC. 
IMR data from female Common Eiders (Paper I), and from 
penguins, albatrosses and petrels (Table 5) support King's 
(1973) contention that the metabolic rate of a bird at rest 
can supply all the heat required for incubation. However, IMR 
data from other seabirds (Table 5) (e.g gulls and auks) 
support Kendeigh's (1963) hypothesis that extra heat is 
required to maintain the egg tempetature. 
Energy cost of chick rearing 
According to Ricklefs (1983), parental energy demand is 
at the maximum during the chick rearing period. There are very 
few energetic studies of seabirds in which the field metabolic 
rate (FMR) has been measured during the pre-breeding, 
incubation and the chick rearing periods in the same species. 
For example the annual energy demand was determined in Little 
Penguins (Eudv~tula minor) using the DLW method (Gales and 
Green 1990). In this species the highest FMR was measured 
towards the end of the period of chick growth. DLW studies of 
Leach's Storm Petrels and Wilson's Storm Petrels (Oceanites 
-) during the incubation and chick rearing period also 
revealed a 15% higher energy expenditure during the chick 
rearing period than during incubation (Ricklefs et al. 1986; 
Obst et al. 1987; Montevecchi et al. 1991). In Kittiwakes the 
highest PMR value was obtained during the chick rearing 
period, being 30% and 15% higher than the pre-breeding and 
incubation period, respectively (Paper 11, Gabrielsen and 
Mehlum, unpubl . ) . 
During the chick rearing period, the parent bird 
attending the nest has to brood and protect the chiok(s). 
While at sea, they have to cover their own requirements as 
well as the energy requirements of their chick(s). The FMR 
value obtained by the DLW method are thus the sum of the RMR, 
the cost of thermoregulation, the specific dynamic action 
(SDA) and the energy cost of different activities (i.e. 
flying, diving and walking). In contrast to the incubation 
period, the cost of foraging is a large component of the total 
FMR during chick rearing. 
The FMR values in four species of seabirds obtained 
during the chick rearing period are presented in Table 6 
(Paper 11, IV, VI and VII). Kittiwakes had the lowest mean 
mass-specific FMR (3.24 ml CO,/g.h) and Little Auks the highest 
(6.68 ml CO2/gmh). This demonstrates that active, small-bodied 
seabirds require more energy per unit time above resting level 
Table 6 
Mean body masses (BMtSD), resting metabolic rates (RnRtSD), field metabolic rate (FUR) and 
pMR/RMR relationships in four species of seabirds during chick rearing. N is number of blrds. 
species N BM RMR PMR PMR/RnR Source 
(g) (kJ/day) (ml CO,/g,h) (kJ/daY) 
Kittiwake 13 383+25 303 3.24t0.92 798 2.6 
Black Guillem. 11 3 8 0 ~ 2 0  291 3.6320.76 860 3.0 ** 
Common Guillem. 11 1025t53 593 3.34t0.86 2198 3.8 **** 
Little Auk 14 164a 9 191 6.68t1.06 696 3.6 *t* 
Prom: Paper I1 
*+ Paper VI 
*** Paper IV 
**** Paper VII 
than do active large-bodied seabirds. The mean mass-specific 
FMR value in Kittiwakes was close to the value obtained in 
Black Guillemots (Table 6). These two species have nearly the 
same body mass, have similar RMR and TC values (Table 1 and 
Table 4 )  and raise the same number of chicks. The major 
difference is that Kittiwakes are distance foragers while 
Black Guillemots are nearshore feeders (Furness and Monaghan 
1987; Cairns 1987). The total cost of flying when foraging is 
probably higher in Kittiwakes (surface foragers using 
flapping/gliding flight) than in Black Guillemots (a diver 
using only flapping flight), despite that number of feeds per 
young per day are similar (Barrett 1978; Cairns 1987) and that 
the wing loading in Black Guillemots (0.82 g/cm2, Table 9) is 
110 % higher than in Kittiwakes (0.39 g/cm2, Table 9). While 
Kittiwakes expend most energy during flight, Black Guillemots 
probably expend even more when diving. 
The mean mass-specific FMR value (3.34 ml C02/g.h, Table 6) 
obtained in Common Guillemots at Hornaya (Paper VII) was close 
to the FMR value (3.18 ml C02/g.h) obtained in Common 
Guillemots in the eastern Canadian Arctic (Cairns et al. 
1990). The mean mass-specific FMR values in Common Guillemots 
at these two locations are however 10-30 % higher than the FMR 
values (2.89 and 2.37 ml C0Jg.h) obtained in Brunnich's 
Guillemots measured in the Pribilofs and western Canadian 
Arctic, respectively (Flint and Hunt, unpubl.; Croll, 
unpubl.). A lower FMR value is found in Brunnich's Guillemots 
despite that they breed further north and in colder 
environments than Common Guillemots. A lower wing loading 
(1.48 g/cm2, Table 9), a higher body fat content (20-30 %, 
Gaston and Perin 1993) and better insulation (TC = 0.0282 ml 
02/g.h, Table 4) in Brunnich's Guillemots compared to Common 
Guillemots (1.86 g/cm2 (Table 9), 5-10 % body fat content 
(Gabrielsen, unpubl.) and TC = 0.0434 ml 0Jg.h (Johnson and 
West 1975), respectively) may be the main reason for the FMR 
difference between these two alcids. 
In models estimating food consumption of single 
individuals or populations of seabirds, we often find daily 
energy budgets based on different allometric equations (Wiens 
and Scott 1975; Furness 1978 and 1990; Grant 1981; Furness and 
Cooper 1982; Croxall and Prince 1982; Wiens 1984; Furness and 
Barrett 1985). Kendeigh et al. (1977) and Walsberg's (1983) 
equations have been used most often. Kendeigh et al.'s (1977) 
equation for existence metabolism (EM) in birds (including 8 
species of seabirds) integrates RMR, temperature regulation, 
specific dynamic action (SDA) and different activities of 
birds held captive in a cage in the laboratory. Their equation 
enables calculation of EM for individuals of different body 
mass under a variety of ambient conditions. At an ambient 
temperature of 0 O C ,  the following equation is given; 
EM = 33.73 (EM in kJ/d and m in gram). For birds at the 
nest site, the EM equation may be a useful measure since 
activity at the nest is probably close to that when caged. 
This was illustrated in the DLW study of Kittiwakes (Paper 11) 
where the measured FMR of brooding birds was 596 kJ/d (1.9 x 
RMR). This is only 10% less than the calculated EM (652 kJ/d) 
using Kendeigh et al.'s (1977) equation. However, while 
foraging, the FMR in Kittiwakes was 992 kJ/d (3.2 x RMR)(Paper 
11), which is 52% higher than the calculated EM from Kendeigh 
et al. (1977). Kendeigh et al.'s (1977) equation does not 
include thermoreguatory costs other than that caused by the 
ambient temperature. Nor does it include the cost of other 
activities such as flying, diving or walking, which, in sea- 
birds, have been estimated to be 5112, 2-12 and 3-5 x RMR, 
respectively (see Ellis 1984). When applied to the present FMR 
data from 4 species the Kendeigh et al. (1977) EM equation 
underestimates the FMR results by 19-104% (Table 7). 
Walsberg (1983) presented a new equation for daily energy 
expenditure (DEE) in free ranging birds. This equation; DEE = 
13.05 m (DEE in kJ/d and m in gram) was based on energetic 
studies of 42 bird species, but including only one seabird 
species, the Emperor penguin (A~tenodvtes fosteri). When 
applied on the present FMR data, this equation underestimated 
Table 7 
Field metabolic rate (FMR) in four species of arctic seabirds during the chick rearing period 
compared to literature data. 
FMR 
Species BM This Study Kendeigh Walsberg Nagy B&H Birt-Friesen 
(9) (kJ/day) et al. (1977) (1983) (1987) (1987) et al. (1989) 
Kittiwake 392 795 119 164 148 138 90 
Black Guillem. 380 860 131 181 164 152 160 
Common Guillem. 1025 2198 204 254 208 211 124 
Little Auk 164 696 161 244 239 205 149 
Data from this study are compared (as \ of this study's PMR) to values predicted using the 
equations given by Kendew et al. (1977) (OOC), Walsberg (1983), Nagy (1987). Bennett & Harvey 
(B&H) (1989) for seabirds and Birt-Priesen (1989) for cold water seabirds using flapping flight. 
Sources as in Tab. 6. 
the FMR of northern seabird species by as much as 154% 
(Table 7). Based on DLW studies on 15 seabird species from 
many different families, Nagy (1987) presented the following 
equation for field metabolic rate (FMR) ; FMR = 8.02 m0.704 (FMR 
in kJ/d and m in gram). This equation also underestimated the 
present FMR values by as much as 139% (Table 7). Bennett and 
Harvey (1987) using metabolic data from 47 species of birds, 
in which the RMR and active metabolic rate (AMR) were 
determined in the same species, reached the following equation 
for AMR; AMR = 15.14 mO." (AMR in kJ/d and m in gram). This 
equation also underestimates the present FMR results by 111% 
(Table 7). Birt-Friesen et al. (1989), also rewiewing FMR data 
from seabirds, separated foraging modes (pursuit diving, 
gliding flight or flapping flight) in seabirds and the 
oceanographic regime (warm water from cold water) at which 
theyAwere feeding. They found that birds using flapping flight 
in cold water were different from other seabird species 
studied, and presented the allometric equation FMR = 
1737.8 m0-727 (FMR in kJ/d and m in kg) . When this equation 
was compared to the present FMR results from northern seabirds 
it gave the best predictions (Table 7) (Paper 11, IV, VI and 
VII) . 
To maintain a high FMR, the bird must develop a large 
metabolic apparatus to sustain the high energy turnover 
throughout the period of chick rearing. While the energy 
expenditure at basal levels is mainly a result of heat 
produced by the brain, heart, liver and kidney (Aschoff et al. 
1971), the energy expenditure above basal levels is mostly 
generated by skeletal muscles during active movements and 
thermoregulation (by shivering and non-shivering thermo- 
genesis)(Kersten and Piersma 1987). Since the muscle depends 
on the internal organs to function (for fuel, degradation of 
waste material and repair of tissue), it is believed that the 
high FMR is the result of the maintenance of a high RMR 
(Kersten and Piersma 1987; Daan et 91. 1990). According to 
Daan et al. (1990) this is a functional explanation for the 
near constant ratio (3-4 times RMR) between FtMR and FMR. They 
also suggest a physiological limit or avian ceiling of 4.0 
times RMR as proposed by Drent and Daan (1980). 
The high FMR in high-latitude seabirds can be explained 
by the cost of thermoregulation in cold environments and by 
the foraging mode (flying or diving). In the Little Auk, 
Common and Brunnich's Guillemot, the FMR/RMR relationship is 
high (see Tables 6 and Table 8). Ellis (1984) proposed a close 
T a b l e  8 
F l e l d  me tabo l i c  r a t e  (PnR) i n  s e a b i r d s  u s i n g  f l a p p i n g  f l i g h t  i n  co ld  wa te r ,  measured u s i n g  t h e  
doub ly  l a b e l e d  w a t e r  (DLW) method d u r i n g  t h e  c h i c k  r e a r i n g  pe r iod .  
S p e c i e s  BM FMR RMR FMR/RMR Source 
(g) (kJ/d)  lml CO,/g'h) (kJ /d )  r a t i o  
L e a s t  Auk le t  
Georgian Diving P e t .  
Common Diving P e t .  
L i t t l e  Auk 
Black Guil lem. 
Ki t t iwake  
Common Guil lem. 
Common Guil lem. 
Briinnich Guillem. 
Briinnich Guil lem. 
Nor the rn  Gannet 
Sou the rn  Gian t  P e t .  
116 3.1 R o b y & R i c k l e f s 1 9 8 6  
112 3 .1  Roby & R i c k l e f s  1986 
130 3.2 Roby & R i c k l e f s  1986 
191 3.6 Paper  IV 
291 3.0 Paper VI 
310 2.6 Paper  I1 
593 3.8 Paper VII 
344(544at 5.2(3.3)  Ca i rns  e t  a l .  (1990) 
599 3.5 F l i n t  & nunt ,  unpubl .  
589 3.2 C r o l l ,  unpubl .  
737(1377b) 6.6(3.5)  B i r t - F r i e s e n  e t  a l .  1989 
l2OOC 3.6 Obst  El Nagy (1992) 
aWR from G a b r i e l s e n  e t  a l .  (1988) 
b~~ from Bryan t  and FuInesS, unpubl .  
CRMR from norgan e t  a l .  (1992) 
T a b l e  9 
Wing l o a d i n g  i n  seven  Spec ies  o f  s e a b i r d s .  
S p e c i e s  Wing 
N BM l o a d i n g  
(g )  (g/cmZ) 
Ki t t iwake  5 390t20 0.39:0.10 
Fulmar 5 650t50 0 .52 i0 .10  
Her r ing  Gul l  5 940t45 0.51i0.10 
Black Guil lem. 5 380t25 0.82.0.10 
Common Guil lem. 5 1010*40 1.8610.10 
Briinnich Guillem. 5 990t30 1.48t0.10 
L i t t l e  Auk 5 165t15 0.98+0.05 
Prom; Gabr ie l sen ,  unpubl .  
linkage between RMR and the maximum power output, whereas Roby 
and Ricklefs (1986) and Gabrielsen et al. (1988) (Paper 111) 
suggested that the bird's physical activity may influence the 
RMR level. According to Birt-Friesen et al. (1989), auks and 
diving petrels have a higher FMR than other seabirds because 
they use their wings both for flying and diving. In contrast 
to penguins in which the wing form is optimized for swimming, 
the wing form for fulmars and larids is optimized for flying. 
Since the optimum design for wings differs for flyers and 
divers one would expect that an intermediate stage would be 
less effective in both in water and air. 
In Table 9, the wing loading in four alcid species, two 
larids and fulmars are presented. The wing loading of auks, 
especially Common and Brunnichs Guillemots, are highest while 
that of the Fulmar, Herring Gull and Kittiwakes are lowest. 
Since there is a good correlation between the FMR and time at 
sea in several DLW studies of seabirds feeding in cold water 
and using flapping flight (Roby and Ricklefs 1986; Birt- 
Friesen et al. 1989; Obst and Nagy31992, Paper VII), the high 
and variable FMR in alcids is probably associated with high 
cost of flying and diving, distance flown and depth dived. 
In Little Auks, Common and Brunnich's Guillemots there is 
a strong correlation between FMR and activity levels (Ellis 
1984; Birt-Friesen et al. 1989; Paper I11 and IV). This 
suggests a strong linkage between RMR and maximum power output 
in which a high RMR is correlated with a high FMR. Black 
Guillemots and Kittiwakes have a high mean mass-specific RMR 
(Table 1). However a high RMR is not correlated with a high 
FMR in these two species (Table 6). Because Fulmars have a low 
wing loading (Table 9) and a low RMR (Paper 111), one would 
expect them also to have a low FMR. As yet, there is no FMR 
data available from Fulmars during the chick rearing period. 
However, another species of Procellariiformes, the Wandering 
Albatross (Diomedea exulans), has a low wing loading, a low 
RMR value and a low FMR (2.3 x RMR) (Adams et al. 1986). This 
indicates that a low cost of flight can be associated with a 
low RMR in Procellariiformes (Gabrielsen and Mehlum 1989a). 
Our DLW studies show that the FMR in foraging seabirds 
during chick rearing varies between 2.6 and 3.8 times the RMR 
(Table 6; Paper 11, IV, VI and VII). This is consistent with 
Drent and Daan's (1980) "maximum sustained working level" of 
3-4 times RMR during the chick rearing period. Most DLW 
studies of birds, ranging from 83-3890 g in body mass and with 
similar foraging mode show the same FMR/RMR relationship 
(Table 8). However, DLW studies of Common Guillemots and 
Northern Gannets (Sula bassana) in the Canadian Arctic 
resulted in factors of 5.2 and 6.6 FMR/RMR relationship, 
respectively (Table 8) (Cairns et al. 1990; Birt-Friesen et 
al. 1989). In both these studies the RMR was determined using 
closed respiratory systems. Since the FMR/RMR relationship is 
very sensitive to the methods used to determine the RMR and 
since both these studies deviate most when calculated as 
a) % of predicted values using the equation by Ellis (1984) 
and b) using body mass (paper VI), it is possible that the 
high FMR/RMR relationship is an artifact of the technique used 
for determining RMR. Both used the same respiratory method 
(the closed-system described by Ricklefs et al. 1984) to 
determine the RMR level (Birt-Friesen et al. 1989; Cairns et 
al. 1990; Montevecchi et al. 1991). Since the experimental 
protocol for measuring RMR is not presented in these studies, 
it is difficult to explain the RMR difference. Until these 
analytical problems are solved, one should be careful in using 
multiples of RMR when calculating FMR in seabirds. Also, since 
analyses by Bennett and Harvey (1987) indicated that the 
active metabolic rate (AMR) and RMR relationship is constant 
in birds during breeding, it is not correct to use a specific 
relationship to estimate AMR or FMR. 
Several factors seem to influence the FMR level in 
seabirds during the chick rearing period. In Kittiwakes (Paper 
11) and in Little Auks (Paper IV), the FMR was high during 
days of heavy wind. In Kittiwakes an increase in wind speed 
(headwinds) results in an increase in flapping flight which 
results in elevated energy expenditures. Wind may also 
influence prey availability through increased wave action 
(Schneider 1989) and thereby cause~problems for Kittiwakes to 
find food. In Leach's Storm Petrels, Kittiwakes, Common 
Guillemots, Northern Gannets and Southern Giant Petrels (Birt- 
Friesen et al. 1989; Montevecchi et al. 1991; Obst and Nagy 
1992; Flint, unpubl.; Paper VII) the time spent away from the 
colony, presumably at sea, was related to FMR. 
The diet or feeding habits of Arctic breeding seabirds 
may also cause an elevation in RMR and FMR levels. McNab 
(1986) found a dietary correlation with RMR among several 
species of mammals. While Bennett and Harvey (1987) found no 
significant association between RMR and differences in diet 
across several families of birds, McNab (unpubl.) and Nagy and 
Obst's (1991) analyses of birds indicated that a large part of 
the FMR variation is associated with the feeding habits. Based 
on studies of food requirements, using the DLW method (Paper 
11, IV, VI and VII), Arctic breeding seabirds are calculated 
to need 40-80% of their own body weight of food per day during 
the chick rearing period. Such a high food consumption may, in 
some species, cause a physiological limitation due to 
digestive bottlenecks (Diamond et al. 1986). High food 
consumption and time needed for digestion may limit their 
time budget at sea. A Common Guillemot requires 1-2 hours to 
process a meal of 80-100 g (Brekke and Gabrielsen, 1994). With 
a daily consumption need of 440 g, this means that this 
species uses at least 5-10 hours to process the food. Since 
Common Guillemots have to digest most of the food at sea in 
order to reduce the energy costs of flying (Paper VII), they 
have to spend much of their foraging time to cover their own 
needs and thus have less time available to feed their chick. 
Furthermore, Arctic seabirds have an additional problem in 
that they have to warm the cold food items before digestion. 
Depending on the size and composition of the meal, the heat 
increment of feeding (SDA) increases energy expenditure by 
15-208 above the RMR level in most seabirds (Gabrielsen, 
unpubl.). Most of the SDA are used in thermoregulation at 
temperatures below LCT. For seabirds, especially diving 
seabirds foraging in cold oceans, which spend many hours to 
process the food, the SDA is an important component of FMR. 
Hails and Bryant (1979) found a correlation between FMR 
and brood size in Common House Martins (Delichon urbica). By 
enlarging the brood size from three to four young, the energy 
expenditure increased by 18%. This is in accordance with our 
studies of seabirds, which show that the FMR increases by 20- 
25% in Kittiwakes feeding two chicks compared to one (Paper 
11, Gabrielsen, unpubl.). The parents of two chicks have to 
spend more time flying while searching for food, and carry 
more food back to the nest. Most DLW studies of seabirds have 
been presented as an average FMR throughout the chick rearing 
period. In two species of diving petrels (Pelecanoidea 
prinatrix and P.aeoraicus) and in Little Auks (Roby and 
Ricklefs 1986; Paper IV) there was no change in adult FMR with 
respect to chick age. In several studies of Common Guillemots, 
there was no apparent increase in provisioning rates with 
increasing chick age (Birkhead 1977; Harris and Wanless 1985). 
However, Birkhead and Nettleship (1987) found an increase in 
provisioning in two seasons in Briinnich's Guillemots and in 
one season in Common Guillemots. The lack of correlation 
between FMR and chick age in diving petrels and Little Auks is 
probably due to small sample sizes. In adult Little Penguins, 
the highest energy cost was found at the end of chick growth 
(Gales and Green 1990). In Common Guillemots (Paper VII) a 
weak correlation was found between FMR and chick age, 
suggesting that adults with older chicks spent slightly more 
time at sea than adults with smaller chicks. 
Chick energetics 
After hatching, chicks of different seabirds have varying 
development patterns which require different pattern of energy 
allocation from the parent birds. Parents of precocial chicks, 
such as the Common Eider, use most of their energy to produce 
eggs, to incubate and to protect their ducklings. Contrary to 
this strategy, altricial chicks (most seabirds) are dependent 
on an extensive energy input from their parents in the form of 
food and warmth through brooding. The allocation of energy by 
the young to growth, thermoregulation etc. thus affects the 
time and energy the parents must put into their offspring both 
on a daily basis as well as over the long term (Dunn 1980). It 
is thus important to determine the energy costs of the 
different developmental patterns of seabird chicks to evaluate 
the constraints they may put on the parent birds. 
Ducklings of Common Eiders leave the nest one day after 
hatching and when they reach the water they can swim, eat and 
dive (Mendenhall 1979; Blix and Steen 1979). These ducklings 
are well adapted to cope with the temperature stresses imposed 
by hatching in the Arctic. While resting in ice water or at 
ambient temperatures of 0 OC, one day old ducklings are able to 
maintain a stable high body temperature for several hours. 
This is possible through a high metabolic rate, close to 4 
times the rates at thermoneutrality and good insulation (Steen 
and Gabrielsen 1986 and 1988). In contrast to Eiders, most 
seabird chicks have a poorer capacity for thermoregulation. 
Chicks of Little Auks and Kittiwakes cannot maintain homeo- 
thermy until they are 5-6 and 15-16 days old, respectively 
(Gabrielsen et al. (1992); Paper V). They are also fully 
dependent of their parents for protection and feeding. 
The allocation pattern of metabolisable energy in 
Kittiwake and Little Auk chicks resembles that found in 
laboratory-raised tern and gull chicks (Drent and Klaassen 
1989, Drent et al. 1992) and in field studies (Dunn 1980; 
Klaassen et al. 1989). The RMR constitutes 50-55% of total 
metabolisable energy in both Kittiwake and Little Auk chicks 
(Gabrielsen et a1 . ( 1992) ; Paper V) . However, the cost of 
thermoregulation in Little Auk chicks is much higher than in 
Kittiwake chicks. The main reason is a low insulative value of 
Little Auk chick down and that Little Auk chicks are not 
brooded for more than 5-7 days (Paper V). Arctic tern (Sterna 
garadisaea) chicks, which breed in the same area, also have a 
high cost of thermoregulation (30%)(Klaassen et al. 1989). 
However, two species of diving petrels, which live at the same 
ambient temperatures, have lower cost of thermoregulation 
because they are brooded by one of'the parents at night 
(Ricklefs and Roby 1983; Roby 1991). At a mean ambient 
temperature of 5 OC (July), the energy saved by the Kittiwake 
chick through being brooded is calculated to be close to 20% 
(Gabrielsen et al. 1992). 
The energy expended in activity is small (less than 10%) 
in Little Auk chicks when compared to other bird species (Dunn 
1980; Ricklefs and White 1981; Klaassen et al. 1989; 
Gabrielsen et al. 1992). Little Auk chicks are inactive in 
their crevices most of the time and do not start to exercise 
their wings at the entrance of the crevice until they are two- 
three weeks old (Paper V). In Kittiwake chicks, a high 
proportion (20%) of the energy expenditure is allocated to 
activity. It is initially low, but accelerates at age 10-15 
days and onwards (Gabrielsen et al. 1992). The same proportion 
(20%) was also found in tern chicks in both field and labora- 
tory studies (Drent and Klaassen 1989; Klaassen et al. 1989). 
When compared to other seabird chicks of similar body 
mass, Little Auk chicks have the highest cost of growth 
(energy-accumulation rate in growing tissues plus the cost of 
biosynthesis). This is mainly a result of a high body-mass 
growth rate and a high rate of fat deposition (Paper V). 
Of the total accumulated energy in Little Auk chicks between 
days 1 and 21, 58% is in the form of fat (Taylor and Konar- 
zewski 1989). In Kittiwake chicks the energy deposited in 
tissue constitutes 24% of the total metabolisable energy 
intake (Gabrielsen et al. 1992). This is similar (23%) to that 
found in Arctic Tern chicks in Svalbard (Klaassen et al. 
1989). 
The overall daily energy expenditure of Little Auk chicks 
is also high when compared to other seabird chicks of similar 
body mass (Paper V). One might expect that this high energy 
demand in Little Auk chicks would result in an equivalent high 
energy expenditure by the parents. However, the amount of 
energy delivered to the Little Auk chick by one of the parents 
is only 15 % of that gathered by the parent to meet both its 
own and its chick's requirements (Table 10). This calculation 
is based on the period between days 8 and 21, when the chick 
Table 10 
ProportiOn of energy gathered by European Starlings, Least Auklets, Diving Petrels, alcids and 
Kittiwakes delivered to their chicks during period of peak chick food demands. 
Proportion 
Adult Adult Food of energy 
Species Adult F H R ~  energy delivered delivered 
body mass Brood ml CO,/ consumptiod' to chick to chick 
(9) size (g.h) (kJ/day) (kJ/adult day) ( 0 ;  100 B/ Source 
European 
Starling 7 6 5 6.18 450 460 51 
Least 
Auklet 84 1 6.69 465 97 17 tt 
South Georgia 
Diving Petrel 109 1 6.53 602 123 17 t* 
Common Diving 
Petrel 137 1 6.34 723 101 12 ** 
Little 
Auk 164 1 6.68 904 162 15 tt* 
Black 
2 **.I* Guillemot 381 3.63 1121 700 38 
common 
Guillemot 1025 1 3.34 2855 200 7 t*ttl 
Kittiwake 383 1 3.15 1007 420 29 tttt*. 
_ . _  383 2 3.57 1141 840 42 
Prom: * Ricklefs and Williams (1984), Westerterp (1973) 
** Roby and Ricklefs (1986), Roby (1991) 
*** Paper IV, Paper V 
**** Paper VI, Gabrielsen, unpubl. 
****+ Paper VII, Gabrielsen, unpubl. 
***** Paper 11, Gabrielsen et al. (1992) 
a Field metabolic rates in birds feeding chicks 
measured using the doubly labeled water (DLW) method. 
b Calculated from PMR, assuming 0.67 energy-assimilation 
coefficient in European Starling (Ricklefs and Williams 1984) 
and 0.77 in all others (Brekke & ~abrieisen 1994). 
is no longer brooded but is still being fed by both parents. 
The energy delivered to the chick per day by one Little 
Auk parent is similar to that of the Least Auklets and two 
species of diving petrels (Table lo), but only 1/4-1/3 of that 
delivered by the European Starlings (Sturnus vulaaris) to 
their five-chick brood (Roby and Ricklefs 1986), despite the 
mass-specific FMR and body masses of all species being similar 
(Table 10). This shows that some seabirds species are less 
efficient in delivering energy to the nest per unit energy 
expended. Roby and Ricklefs (1986) suggested that the broods 
of auklets and diving petrels are restricted to single chicks 
as a consequence of the high cost of foraging and transport of 
chick meals. 
The results from Little Auk chicks (Paper V) support this 
view since the mass-specific FMR while feeding the chick was 
the highest among the species investigated (Table 10). For 
adult Little Auks, a high cost of flight and the fact that 
they forage far off-shore explain the high energy expenditure 
(Paper V). Even further to the extreme are adult Common 
Guillemots which deliver the equivalent of <lo% of their total 
energy expenditure to their chick (Table 10)(Paper VII; 
Gabrielsen, unpubl.). A relatively high FMR of adult Common 
Guillemots during chick rearing is also explained by a high 
energy cost of flight or diving (Paper VII). 
Adult Black Guillemots deliver the equivalent of 2-5 
times more energy to their chicks than do adults of Little 
Auks and Common Guillemots (Table 10). Adult Black Guillemots 
obtain food for chicks inshore in shallow water (Cairns 1987), 
and have lower wing loads (Table 9) and thus reduce the flight 
cost and FMR (Table 6). This enables them to raise two chicks 
which fledge at 100% of the adult body mass. Adult Kittiwakes 
whickalso raise two chicks deliver the same amount of energy 
to the chicks as Black Guillemots (Table 10). In their case, 
an off-shore feeding strategy is upweighed by low costs of 
flight and a low FMR (Table 6). This again enables them to 
raise 1-3 chicks which attain 100% of the adult body mass at 
fledging. Adult Least Auklets raise one chick and deliver the 
the same amount of energy to the chicks as Dovekies (Table 
10). However, their inshore feeding strategy have enabled them 
to raise a chick which attain 108% of the adult body mass at 
fledging (Roby and Brink 1986). 
The parents of Common Guillemots work at a maximum during 
chick rearing (Table 6 and Table 8). The FMR/RMR ratio in this 
species is 3.8. It is suggested that Common Guillemots are 
simply unable to provision chicks beyond <30% of adult body 
mass at which they leave the nest. This view is in accordance 
with previous hypotheses put forward by several authors (Sealy 
1973; Birkhead 1977; Gaston 1985; Furness and Barrett 1985; 
Roby and Ricklefs 1986). The parents of Little Auks also work 
near the maximum during chick rearing (FMR/RMR ratio of 3.6, 
Table 6 and Table 8). The chicks of Little Auks reach 65-70% 
of adult body mass before fledging. Common Guillemots and 
Little Auks both are offshore foragers. However, Little Auks 
probably have lower flight cost than Common Guillemots, since 
their wing loading is 50% lower (Table 9). A lower flight cost 
thus enables Little Auks to provision chicks throughout the 
fledging period. 
SUMMARY 
The resting metabolic rate (RMR) and thermal conductance 
(TC) were measured in 8 species of seabirds ranging in size 
from Little Auks (165 g) to Eiders (1.6 kg) breeding in 
northern Norway and in Svalbard (70-80 ON, 12-31 OE) . 
The RMRs for seabirds breeding at high latitudes were higher 
than that of similar species breeding in temperate and 
tropical areas. In all species measured the RMRs were 12-111 % 
above those predicted using allometric equations of Lasiewski 
and Dawson (1967), Aschoff and Pohl (1970) and Ellis (1984). 
The RMRs presented here suggest a lack of a latitudinal trend 
indicating that other factors are the main reason for the high 
and variable RMR in seabirds. Climate, lack of diurnal phase 
and the birds' activity mode seem to be the main factors 
causing such a high RMR in seabirds. The lowest thermal 
conductance (TC) values, or the best insulation, were found in 
Eiders and Glaucous Gulls, while Little Auks had the highest. 
In most seabirds, the TC values are close to those predicted 
by allometric equations. Alcids have lower TC values, or 
better insulation, than comparable species from temperate and 
tropical areas. However, Larids have higher TC values than 
comparable species studied further south. 
The cost of incubation is high in most northern breeding 
seabirds (gulls and alcids). However, the cost of incubation 
in the female Common Eider was similar to the RMR value of 
non-incubating individuals. 
C 
Estimated and measured incubation costs by female Common 
Eiders were compared using the mass loss and the oxygen 
consumption method, respectively. The calculated value was 
20-35 % lower than the measured value, and it is suggested 
that increased drinking or eating near the end of the 
incubation period is the main reason for the underestimation 
using the mass loss method. 
The field metabolic rate (FMR) during chick rearing in 
Kittiwakes, Little Auks, Black Guillemots and Common 
Guillemots varied between 2.6 and 3.8 times their RMR per day. 
In the Little Auk and Common Guillemot, the high FMR is 
coupled with a high RMR. The high FMR in these two species is 
mainly explained by the cost of thermoregulation in cold 
environments, their off-shore foraging habit and high cost of 
flying and diving. In Kittiwakes and Black Guillemots, a high 
RMR is not correlated with a high FMR. A low cost of flight is 
suggested as being the main cause of a low FMR in these two 
species. 
The allocation pattern of metabolisable energy has been 
determined in Little Auk chicks. In this species, the RMR 
constituted 50-55% of the total metabolisable energy budget. 
In contrast to precocial chicks, such as Eider ducklings, most 
seabird chicks have a poor capacity for thermoregulation at 
hatching. However, costs of thermoregulation are reduced 
through brooding by the parents. In Little Auk chick, the 
proportion of energy saved by brooding is close to 10% of the 
total energy expenditure. The energy expended in activity is 
10% of the total energy expenditure in Little Auk chicks. 
The energy deposited in tissue constitutes 25-30% of the total 
metabolisable energy intake in Little Auk chicks. 
Despite that most seabird chicks have a high energy 
demand, the energy delivered to the chick by one parent of 
Little Auks and Common Guillemots is equivalent to less than 
15 % of the total energy gathered. In most seabirds the adult 
FMR does not constrain chick growth. However, in adult Common 
Guillemots, a high FMR/RMR ratio may constrain chick growth 
and be the main reason for the early fledging strategy of this 
species. Adult Little Auks also have a high FMR/RMR ratio. A 
lower wing loading than Common Guillemots enables them to feed 
chicks until they reach a fledging mass which is 65-70% of the 
adult body mass. In adult Kittiwakes and Black Guillemots, 
FMR/RMR ratios of 2.6 and 3.0, respectively, have enabled them 
to raise multiple chick broods which fledge at 100% of the 
adult body mass. 
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I Energy cost during incubation and thermoregulation in 
the female Common Eider Somateria mollissima 
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Metabolic rate during incubation (IMR) was measured in two wild incubating Eiders at Ny-hesund, 
I Svalbard (79'N). IMR, measured toward the end of incubation (day 1520), averaged 0.80 ml0,Ig.h. The 
respiratory quotient (RQ) was 0.70, indicating that fat was the major metabolic fuel during this long period of 
fast. Both birds showed a decrease in mean daily energy expenditure with decreasing body mass but no 
significant decrease in specific resting metabolic rate. 
Thennoregulation was studied in 12 non-incubating Eiders in the laboratory. Resting metabolic rate 
(RMR) averaged0.86ml 0,Ig.h. thermal conductance (TC)O.O240ml 02/g.h."Cand deep body temperature 
40.l0C. The RMRvalue of non-incubating Eiders tended to be 7.5% higher thanthe IMRvalue of incubating 
birds (0.05 > p > 0.10, t-test). Both IMR and RMR values were above predicted values based on equations 
by Lasiewski & Dawson (1967) and Aschoff & Pohl (1970). TC was lower than values predicted from 
equations of Herreid & Kessel (1967) and higher than those predicted by Aschoff (1981). 
Calculation of daily energy expenditure (DEE) during incubation (day 20) based on weight loss was 24% 
and 29% less, respectively, than DEE measurements derived from indirect calorimetry of incubating and 
non-incubating eiders. Measurements of water influx rate close to hatching suggested that Eiders increased 
their water consumption then. 
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Introduction 
The energy cost of incubation in birds has been 
estimated from measurements of loss of body 
mass (Prince et al. 1981; Croxall1982; Croxall & 
Ricketts 1983; Grant & Whittow 1983), oxygen 
consumption (Norton 1973; Ricklefs 1974; 
Biebach 1979; Gessaman & Findell 1979; Vleck 
1981; Haftorn & Reinertsen 1985; Gabrielsen & 
Unander 1987) and the doubly labelled water 
(DLW) technique (Pettit et al. 1988). Most 
metabolic studies have been performed in the 
laboratory and few on free-living birds (Brown 
1984; Grant & Whittow 1983; Brown & Adams 
1984), and most have shown the energy cost of 
incubation to be greater than the basal metabolic 
rate. Grant & Whittow (1983) and Brown (1984) 
however, reported the oxygen consumption of 
incubating Laysan Albatross (Diomedea im- 
muntabilk) and Marcaroni Penguins (Eudyptes 
chr~solophus) to be significantly lower than that 
of non-incubating resting birds. 
Female Common Eiders (hereafter called 
Eiders) abstain from feeding during 25 days of 
incubation resulting in a weight loss of 3 M 5 %  
(Maline 1963, 1976; Cantin et al. 1974; Korschgen 
1977). Little is known about the physiological 
adaptations to fasting in birds. Geese and 
penguins show a 30-50% decrease in resting 
metabolic rate (RMR) after 30 days of fasting 
(Benedict & Lee 1937; Le Maho et al. 1981). The 
thyroid hormones are involved in controlling 
oxygen consumption and metabolic rate (Falconer 
1971; Etkin 1978). In birds it has been demon- 
strated that the level of thyroxin (T4) increases 
while triiodothyronine (T3) decreases after food 
deprivation (May 1978). 
In this study we measured oxygen consumption 
and plasma concentrations of thyroid hormones 
of both incubating and non-incubating Eiders. 
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Estimates of energy expenditure based on oxy- 
gen uptake were compared to values calculated 
from weight loss of incubating females. Close to 
hatching we used tritium to study the water influx 
rate to determine if birds were drinking water 
toward the end of the incubation fast, as this 
could influence calculations of energy expendi- 
ture based on weight loss. 
Material and methods 
Metabolic Rate Measurements 
Field work.-The field work was carried out at 
~ ~ - A l e s u n d  on the north-western coast of Spits- 
bergen, Svalbard (Fig. 1). During the summer of 
1983 we studied the incubation metabolic rate in 
two female Eiders nesting close to the settlement 
of ~y-Alesund. On the fifteenth day of incuba- 
LOCATION MAP I 
I tion kach nest with clutch (4 and 5 eggs) and I 1 I KM down was removed from the nest bowl and p, ' , , I --placed inside a plexiglass box (40 x 30 X 30cm) 
1 at the original nest site. This procedure required 
about 30 minutes, and the females returned to 
i the nest within 10-20 minutes to resume incuba- "' tion. The chamber consisted of two hinged parts, the upper part of which was lowered down from 
a distance with a rope before performing the F" 
measurements (Fig. 2). The incubation metabolic 
rate (IMR) was measured in an open system in 
which the plexiglass box functioned as the meta- 
bolic chamber. The chamber was connected to a 
carbon dioxide (Binos-1, Leybold-Heraeus) and 
an oxygen (S-3A, R-1 and N-22M, Applied Elec- 
trochemistry Inc.) analyzer by means of a plastic 
tube. Air was dried and pumped through the 
system with a flow of 3.5-4.OVmin. Airflow 
was measured in each experiment with a Tri- 
,2. ,Ia 2D.E 
Flat flowmeter (10 A 3200, Fischer & Porter). 
Temperature in the box and in the bottom of Fig. 1. Over, the Svalbard archipelago (with the exception of i 
the nest was measured with copper-constantan Bj0rn0ya to the south) showing theinner Kongsfjordenareaand 
thermocouples connected to a digital thermo- the location of Ny-Alesund (enlarged, under) where the field work was carried out. 
meter (2190A. FIukel. Both birds were weighed 
at the knd of the experimental period uskg a 
Pesola spring balance (-+5 g). In order to reduce 
overheating in the plexiglass box, we performed 
metabolic measurements only on cloudy days. 
Measurements were performed 1-2 times daily in 
2-3 hour periods. All measurements were per- 
formed bztween day 15 and 20 of incubation. 
Research Institute in ~ ~ - A l e s u n d  during the 
summers of 1984-85. Birds were either captured 
on the nest using a bamboo pole with a nylon 
snare or caught with a net-gun (Coda Enter- 
prises) while swimming. They were kept in indi- 
vidual outdoor cages without food for 1-2 days 
and given water ad lib. Metabolic measurements 
Laboratory study.-The laboratory study of 12 were performed within a minimum of 12 hours 
non-incubating adult females was carried out at after capture according to the methods described 
the research station of the Norwegian Polar by Gabrielsen et  al. (1988). A metabolic chamber 
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Fig. 2 .  A 
incubating 
chamber. 
wild Eider 
in a respil 
duck 
ration 
was briefly placed inside a climatic chamber 
where temperature could be controlled within 
+l°C from -25 to +30"C. Instrumentation was 
the same as that used in the study of incubating 
Eiders with the exception of air flow which was 
measured with a flowmeter (F 113, Hi-Tec) con- 
nected to a readout (Model E-0020). Tempera- 
ture in the climatic and metabolic chambers was 
measured by thermocouples connected to a 
Fluke thermometer. Body temperature was mea- 
sured continually by means of an epoxy-coated 
thermocouple inserted approximately 7 cm into 
the colon. Birds were exposed to a given chamber 
temperature for a minimum of 1.5-2.0 hour 
periods. The measurements were performed 
under full light conditions since these birds ex- 
perience 24 h of daylight during the breeding 
season. Oxygen consumption (ml 02/gh) and 
C02-preduction (ml C0dg.h) were measured 
during stable resting periods. Respiratory 
quotient (RQ) and energy expenditure (kJ/day) 
were also calculated. In calculating energy ex- 
penditure from oxygen consumption the con- 
version coefficient of 4.7 kcal per litre oxygen 
(RQ = 0.71) was used (Schmidt-Nielsen 1983; 
1 kcal = 4.185 kJ). The final values for oxygen 
consumption and C 0 2  production are accurate 
within +5%. All results are given at STPD and 
mean values are shown with + standard deviation. 
Body weight measurements 
Females nesting on the islands of Storholmen and 
Mietheholmen in the Kongsfjorden area were 
captured and weighed throughout incubation. 
The number of days each bird had incubated was 
estimated by measuring the density of the eggs in 
the nest. Egg weights in air were measured on a 
battery operated Ohaus digital scale (accuracy 
f 0.1 g) and in water on a 50g Pesola spring 
balance (accuracy f 0.1 g). From mean egg den- 
sity the number of days the female has been 
incubating could be estimated by using the 
equation y = 1634.788 - 4878.271 x + 5034.848 
x2 - 1777.747 x3 (y = days of incubation, x = 
mean density of eggs). By using this equation 
it was possible to determine the number of days 
of lincubation to within + 2.5 days (p < 0.01) 
(Karlsen et al. in prep.). 
Body weights of Eiders prior to egg-laying and 
7-14 days after incubation were obtained from 
birds captured with a net-gun in Kongsfjorden. 
Thyroid hormones 
Birds collected for body weight measurements 
were also used for studies of plasma concen- 
trations of thyroid hormones. A blood sample 
(2-3 ml) was taken from the wing vein using a 
heparinized syringe. The blood samples were 
kept on ice during transport to the laboratory 
for centrifugation. Plasma was thereafter stored 
at - 20°C until assayed at the Norwegian College 
of Veterinary Medicine in Oslo, Norway. The 
total thyroxine (T4) level in the plasma was 
determined by radioimmunoassay described by 
Larsen et al. (1973) and modified by Andresen 
et al. (1980). The antiserum used has been 
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described by Kruse (1976). The total triiodo- 
thyronine (T3) level in the plasma was measured 
by a commercially available solid phase radio- 
immunoassay (Coat-a-Count, Diagnostic products 
Corp., Los Angeles, USA). 
Water influx rate 
Ten incubating Eiders close to hatching (mean = 
23 days) were injected in the pectoral muscle 
with 0.751111 tritium (1.34mCi in each bird) 
and weighed before release. One to two hours 
after the injection, when the isotope had mixed 
thoroughly in the body water fluid (Degen et al. 
1981; Williams & Nagy 1984), we recaptured 
the birds to obtain the initial blood sample. 
Blood samples were taken from the wing vein 
and the birds were released. Over the next 2-3 
days we recaptured, weighed and sampled 6 
of these birds once or twice. Blood samples 
were stored in heparinized microhematocrit 
capillary tubes and vacuum-distilled to obtain 
pure water. Isotope levels in water were mea- 
sured by liquid scintillation spectrometry (Wood 
et al. 1975). Water flux rates were calculated 
by using equation 4 in Nagy and Costa (1980). 
Water volumes at recapture were calculated as 
initial fractional water content multiplied with 
body mass at recapture. 
Thermal Conductance 
Thermal conductance (TC) in non-incubating 
birds was calculated from the mass specific meta- 
bolic rate at ambient temperatures below the 
lower critical temperature. The TC was calcu- 
lated by dividing oxygen consumption by the 
difference between body and ambient tempera- 
ture at ambient temperatures below 0°C. TC (ml 
02/g.h."C) is expressed as "wet" conductance 
since evaporative heat loss was not excluded. 
The lower critical temperature was determined 
from the intersection of the lines representing 
metabolic rate at low ambient temperatures and 
the line representing resting mean metabolic rate 
in the thermoneutral zone. 
Results 
Ambient, chamber, and nest temperatures 
In ~ ~ - A l e $ u n d  the means for daily ambient, 
maximum and minimum temperatures for June 
1983 were 2.1, 4.0 and 0.6"C respectively. In 
July, respective temperatures were 5.2, 7.2 and 
3.6"C (The Norwegian Meteorological Institute). 
While performing the field metabolic studies of 
female Eiders the mean temperature in the meta- 
bolic chamber and nest were 12.2"C (SD = 
4.7"C) and 31.9"C (SD = 2.5"C) respectively. 
Body weight loss during laying 
Immediately prior to egg-laying the mean body 
weight of females was 2,442 g (SD = 149, n = 6). 
Some of these birds, however, may have already 
laid 1-2 eggs despite having been caught on the 
water. Female Eiders often cover their first egg 
and return to the water for some time before egg- 
laying is resumed. After laying the second egg, 
however, they leave the nest only occasionally 
for short periods (Hagelund & Norderhaug 
1975). At the start of incubation female body 
weight averaged 2,106 g (SD = 156, n = 11) 
(Fig. 3) or 336 g less than pre-laying weight. The 
mean density of the eggs of these birds was 1.075 
which is close to the density of freshly laid Eider 
eggs (Rahn et al. 1983). The average number 
of eggs produced by female Eiders nesting on 
Storholmen in 1984 was 4.4g (Mehlum 1991a, 
this volume). With a mean initial egg weight of 
98g, this gives a mean clutch weight of 392g. 
Thus this initial weight loss can mainly be 
ascribed to egg production. 
Body weight loss during incubation 
The mean body weight of female Eiders at 
hatching was 1,357 g (SD = 71, n = 16). The 
total weight loss during 25 days of incubation was 
749 g or 35.6%. Weight loss from pre-incubation 
to hatching was 1,085 g or 44.4%. 
Assuming an incubation period of 25 days, the 
average weight loss was 30g per day. Weight 
loss, however, was clearly a non-linear function 
of time (Fig. 3). (Polynomjnal regression 
y = 2114.5 - 52.188 x + 1.064 x2 - 0.006 x3, 
r2 = 0.80, y = body weight, x = days of 
incubation). 
The mean body weight of the birds, accompa- 
nied by their ducklings and caught 7-14 days 
after the main hatching period, was 1,713 g (SD = 
136, n = 4). Since these birds were not accom- 
panied by other females, we assume that these 
Eiders had laid and incubated. 
Thyroid hormones 
The variation in plasma T3 and T4 concentrations 
are shown in Fig. 4. Mean T3 concentration was 
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Fig. 3. Body weight of female Eiders before egg-laying (A), during incubation, at hatching (B), with newly hatched chicks hut still in 
nest (C) and with ducklings I s 1 4  days after the main hatching period (D). Number of daysof incubation was determined by the mean 
density of e g s  in the nest using the following equation: y = 1634.788-4878.271 x+5034.848 x2-1777.747 x Y y  = days of incubation, 
x = density of eggs). 
The weight loss curve is based on the following equation: y = 2114.5-52.188 xf1.064 xZ - 0.0063 x3 (y = body weight, x = days of 
incubation). 
1.65 nglml (SD = 0.65, n = 80) and varied be- Metabolic Rate tween 0.53 and 4.50nglml. The egg-laying T3 
level was 1.48 nglml (SD = 0.81, n = 6) and 10- The mean body weight of the two incubating 
. - 
14 days after hatching level was 1.65 ngim~ (SD = female Eiders, measured at day 20, was 1540 g 
0.65, n = 4). Plasma T3 levels increased through- and 1580 g. The females did not struggle when 
out the incubation period (y = 0.044 x + 1.062, the upper- part of the metabolic chamber was 
p < 0.001, 8 = 0.23, y = plasma T3 concentra- lowered. Stable measurements were obtained 
tion, x = days of iniubaiion). There was no 
significant variation in plasma T4 levels through- 
out the study period (y = 0.028 x +13.841, r2 = 
0.00, y = plasma T4 concentration, x = days of 
incubation). The mean T4 concentration was 
14.26 nglml (SD = 4.68, n = 87) and varied be- 
tween 5.8 and 35.5 nglml. The egg-laying T4 level 
was 11.28nglml (SD = 5.33, n = 6), and 10-14 
days after hatching the level was 17.93nglml 
(SD = 6.82, n = 4). 
within 1 hour. The mean incubating metabolic 
rate (IMR) was 0.80 m1 02/g.h (SD = 0.02, 
n = 13) and the corresponding mean RQ was 
0.70 (SD = 0.01). The mean daily energy ex- 
penditure of the incubating Eiders decreased as 
body weight decreased, though there was no 
significant decrease in the specific metabolic rate 
throughout the experimental period. The mean 
energy expenditure was calculated to 604.4 kJ/d 
(SD = 15.1, n = 2). 
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Fig. 4. Plasma concentrations of thyroxine and triiodothyronine in birds at egg-laying, during incubation and 10-14 days after 
hatching. A, B, C and D as in Fig. 3. 
Resting Metabolic RatelThermal 
Conductance 
The mean body weight of the 12 non-incubating 
Eiders was 1,661 g (SD = 251, number measure- 
ments = 18). This weight was used when cal- 
culating the mean metabolic rate. Birds caught 
on the nest did not differ (p < 0.05) in RMR 
from those caught while swimming. The mean 
RMR value at thermoneutrality was 0.86 mi 
Oz/g-h (SD = 0.07) (Fig. 5). The corresponding 
mean RQ was 0.71 (SD = 0.02). The RMR value 
of non-incubating females tended to be 7.5% 
higher t h q  the IMR values of incubating birds 
(0.05 < p < 0.10, t-test). 
The mean daily energy expenditure (DEE) 
1 of the resting non-incubating Eiders (1,600 g) 
I I 
at thermoneutrality was calculated to be 
649.4 kJ/d (SD = 52.9, n = 12). 
The average body temperature was 40.1°C 
(SD = 0.7, number of measurements = 18). 
Oxygen consumption increased linearly below 
the lower critical temperature of 7°C. The re- 
gression line (y = 1.052-0.025 x, x = amb. temp., 
y = ml 02/g-h) intersected the abscissa close to 
Eider body temperature. Thermal conductance 
(TC) was 0.0240 mlOdg.h."C. 
Energy budget calculation based on weight 
loss 
Calculation of DEE during incubation based on 
weight loss (Fig. 3) was done for birds between 
19 and 20 days of incubation. The daily weight 
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AMBIENT TEMPERATURE ( O C )  
Fig. 5. Oxygen consumption and energy expenditure of non-incubating female Eiders at different ambient temperatures. The 
regression line below the lower critical temperature intersected the abscissa at an ambient temperature close to the measured body 
temperature. 
loss on day 20 was 17.7g. Since there was no 
value available for body composition between 
day 19 and 20, we have used an average value for 
loss of fat and protein throughout incubation. 
Body composition analysis of Eiders from Maine, 
USA (Korschgen 1977) and Svalbard (Parker & 
Holm 1990) indicate that based on a weight loss 
of 17.7 glday, 11.0 g is lost as fat, 1.8 g as protein 
and 4.8 g as water. The energy equivalents of fat 
and protein were 38.53 kJ/g and 19.67kJ/g, 
respectively (Parker & Holm 1990). Based on 
body weight loss, DEE during incubation at day 
20 was calculated to 460 kJ/day . This is 24% and 
29% lower than the DEE values obtained by 
indirect respirometry on incubating and non- 
incubating birds, respectively. 
Water influx rate 
The mean body weight of 6 incubating female 
Eiders (measured close to hatching) was 1,438 g 
(SD = 121, n = 8) (Table 1). 
During the study period (2-3 days) the body 
mass change was 1.26%lday, i.e. a loss of 18.1 g 
per day. The water influx rate was 90.06 muday 
(SD = 56.36, n = 8). Based on a weight loss of 
18.1 g per day the metabolic water production 
was calculated to 12.3 g per day using values of 
0.11 g water formed per kcal burned (Schmidt- 
Nielsen 1983). One bird (No. 446), during the 
first experimental trial, had a water influx rate of 
only 18.11 muday, while all the others varied 
between 37.65 and 194.45mVday (Table 1). 
These values indicate that female Eiders con- 
sumed water close to or at hatching. 
Discussion 
In previous studies on small bird species 
(<0.5 kg) the energy cost during incubation has 
been estimated to be 15-30% higher than the 
resting metabolic rate (RMR) of non-incubating 
birds (Biebach 1979, 1981; Vleck 1981; Haftorn 
& Reinertsen 1985; Gabrielsen & Unander 1987). 
Small birds often have limited resistance to star- 
vation and leave the nest periodically to forage. 
Recently, studies of larger birds that tolerate 
periods of fasting and show high nest attendance 
have revealed incubation costs similar to or lower 
than RMR or non-incubating individuals (Grant 
& Whittow 1983; Grant 1984; Brown & Adams 
Table I .  Water influx rate in incubating Eiders at ~ ~ - A l e s u n d ,  
Svalbard, 1987. 
Body weight Water influx 
Bird Body weight change rate 
No. (gram) (%/day) (muday) 
444 1,470 -1.42 121.14 
445 1,295 -2.45 81.04 
446 1,420 -0.75 18.11 
446 1,405 -2.14 77.34 
447 1,285 -0.82 194.45 
448 1,420 -0.76 54.63 
450 1,600 -0.33 37.65 
450 1,610 -1.42 147.89 
- 
Mean 1,438 -1.26 90.06 
SD 121 0.74 56.36 
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1984; Brown 1984; Groscolas 1988; Pettit et al. 
1988). Metabolic measurements of incubating 
Eiders within the thermoneutral zone in our 
study indicated the energy cost during incubation 
to be similar to or slightly lower than RMR of 
non-incubating birds. 
Our indirect measurement of daily energy ex- 
penditure (DEE) in incubating birds (604 kJ/day) 
was higher than Korschgen's (1977) of 401 kJ/ 
day, Parker & Holm's (1990) of 490 kJ/day, and 
ours of 460 kJ/day. This difference may be due 
in part to the random fluctuations associated 
with small samples. Also, the contribution of 
the embryos to the total energy cost of incuba- 
tion increases as incubation proceeds. In a study 
of the Blue Tit (Parus caeruleus) Haftorn & 
Reinertsen (1985) calculated that during the last 
days of incubation the clutch (13 eggs) accounted 
for 15% of the total oxygen consumption. In a 
similar study of incubating American Kestrels 
(Falco sparvarius) Gessaman & Findell (1979) 
estimated that during the last 5 days of incuba- 
tion the clutch of five eggs contributed 19-25% 
of the total energy required for incubation. In 
three species of shorebirds Norton (1973) esti- 
mated that embryos close to hatching contributed 
3540% of the total energy cost of incubation. 
Steen & Gabrielsen (1988) calculated that a 
clutch of four pipped eggs contribute 125 kJ/d 
or 20% of the total DEE of incubating Eiders. 
In the present study, oxygen consumption and 
carbon dioxide production of the eggs was not 
subtracted from the incubation metabolic rate 
(IMR) measurements. However, based on a 
study of oxygen uptake in common fowl eggs 
Heiby et al. 1983), the oxygen uptake in Eider 
eggs incubated 15-20 days was calculated to vary 
between 12-15% of the total DEE. Therefore, 
the IMR in incubating individuals may be about 
2&25% lower than the RMR of non-incubating 
birds. 
Nest insulation may also reduce the net energy 
expenditure of an incubating bird relative to that 
of a non-incubating individual. Walsberg & King 
(1978) found the energy expenditure in the Red- 
winged Blackbird (Agelaius phoenicus), Willow 
Flycatcher (Empidonax traillii) and White- 
crowned Sparrow (Zonotrichia leucophrys) to be 
15-18% less when incubating in a bowl-shaped 
nest than when perched in the open. Gessaman 
& Findell (1979) concluded that incubation in 
American Kestrels could be accomplished at 
the level of adult resting metabolism due partly 
to embryonic heat production and nest insu- 
lation. Our study; as well as previous studies on 
incubating penguins (Brown 1984; Groscolas 
1988), albatrosses (Grant & Whittow 1983; 
Brown & Adams 1984; Pettit et al. 1988) and 
petrels (Grant & Whittow 1983), supports 
King's (1973) contention that the metabolic 
rate of a bird at rest can supply all the heat 
required for incubation, at least in some 
species. 
Energy expenditure during incubation depends 
in part on nest attentiveness (Vleck 1981). Many 
smaller species of birds in particular have limited 
resistance to starvation and are obliged to forage 
regularly during incubation. The energy cost of 
rewarming the eggs increases with increased time 
away from the nest and lower ambient tempera- 
ture (Gabrielsen & Steen 1979; Biebach 1986; 
TCen et al. 1986). This extra energy cost is 
avoided when the incubation is shared by both 
parents. In contrast, many larger birds incubate 
for weeks without eating. Mehlum (1991b, this 
volume) found that female Eiders left the nest 
for an average of 4-5 min every second day, 
and they always covered the eggs with down 
before leaving. Consequently, egg temperature 
decreased less than 1°C during their absence 
time. Thus Eiders normally experience a low egg 
rewarming cost during incubation. 
The mean ambient temperature measurement 
in ~ ~ - A l e s u n d  in June was 2.1°C which indicates 
that Eiders incubate at temperatures below the 
thermoneutral zone of non-incubating birds 
much of the time. Several of the non-incubating 
Eiders used in the metabolism measurements still 
had remnants of a brood patch. This probably 
resulted in an overestimation of the lower critical 
temperature as the down-lined nest would pre- 
vent considerable heat loss from the brood patch. 
The lower critical temperature of Eiders in 
winter is -6°C (Jenssen et al. 1989) or consider- 
ably lower than the 7°C measured in the present 
study. Microclimatic influences such as solar 
radiation have a positive effect on heat balance. 
Behavioural changes may also reduce heat loss, 
e.g. the lowest IMR values were obtained at low 
ambient temperatures when the bird put its bill 
under the wing feathers. 
According to studies by Le Maho (1983) fast- 
ing penguins and geese go through three different 
periods during long-term fasting: a rapid adap- 
tation period, a long period of economy, and 
finally a critical period. In geese the adaptation 
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period is characterized by a rapid reduction in 
specific metabolic rate, the economy period by a 
slow decrease in body weight and RMR but with 
no decrease in specific RMR, and the critical 
period by drop in body mass which was not 
accompanied with a change in RMR (Le Maho et 
al. 1981; Le Maho 1983). Our measurements of 
body weight and IMR indicate that the period 
of adaptation and economy are also present in 
incubating Eiders. Unfortunately we do not have 
metabolic measurements from the beginning of 
incubation, but Le Maho et al. (1981) in their 
studies of geese suggest that the main reduction 
in metabolic rate appears at this time. While we 
found a slight (7.5%) difference between specific 
IMR and RMR in Eiders, and a 20-25% dif- 
ference when subtracting for the eggs, there was 
a 17% difference between starved and normal 
geese (Le Maho 1983). 
Measurements of thyroxin (T,) and triiodo- 
thyronine (T3) in Eiders indicated that while the 
level of T4 was stable throughout the incubation 
period, there was a small but significant increase 
in T3. This increase in the T3 level contrasts with 
results from corresponding studies on chickens 
and penguins (May 1978; Cherel et al. 1988) 
which showed that the Tg level was depressed 
after food deprivation. The thyroid hormones are 
involved in controlling heat production, and we 
suggest that the levels of these hormones are 
kept high in incubating Eiders because of heat 
requirements associated with the incubating eggs. 
Measurements of body temperature support this 
theory, for while body temperature in starved 
geese decreased from 40.1°C to 39.3'C (Le Maho 
et al. 1981), female Eiders showed a body tem- 
perature of 40.1°C up until day 20 of incubation. 
Eiders show body weight reductions in the 
vicinity of 45% during breeding (Milne 1963, 
1976; Cantin et al. 1974; Korschgen 1977). The 
present study showed a 44.4% decrease in body 
weight from the start of egg-laying until hatching 
and a 35.6% decrease during incubation. Our 
metabolic measurements gave a respiratory 
quotient value of 0.70, indicating that fat was the 
major fuel during incubation fasting in Eiders. 
Parker & Holm (1990) calculated from body 
composition analysis that lipid accounted for 
91.8% of the total energy expenditure during 
incubation in Eiders. Le Maho et al. (1981) 
found a 39% reduction in body weight after 40 
days of fasting in geese, and that lipid accounted 
for 95% of the energy expended. 
Lasiewski & Dawson (1967) provided an allo- 
metric equation for basal metabolic rate (BMR) 
in non-passerines based on body mass. Aschoff & 
Pohl (1970) made a similar equation which in 
addition accounted for the influence of diurnal 
rhythm on BMR. Our IMR and RMR measure- 
ments (of birds in resting or p-phase and within 
the thermoneural zone) were 130-149% of those 
predicted from these equations. RMR values 
obtained in this study, RMR measurements of 
arctic seabirds (Gabrielsen et al. 1988) as well as 
Prinzinger & Hanssler's (1980) metabolic study 
of 24 different non-passerine birds in which 11 
species were Anseriformes, reveal RMR values 
above the values predicted from these equations. 
According to Aschoff & Pohl (1970) there is 
a 2&25% difference in metabolism in non- 
passerine birds during their active (a) versus 
their resting place (6) phase. Our RMR measure- 
ments of Svalbard Eiders were 23% higher than 
RMR values reported from central Norway in 
winter acclimatized birds (in resting phase) 
(Jenssen et al. 1989). The body temperature in 
summer acclimatized Eiders is 0.5-l.O°C higher 
than in winter birds (Jenssen et al. 1989). Sum- 
mer acclimatized Willow Ptarmigan (Lagopus 
lagopus) and Rock Ptarmigan (Lagopus mutus) 
are also reported to have a higher metabolic rate 
than winter birds (Mortensen & Blix 1986). 
Disappearance of a diurnal resting phase in 
arctic birds during the summer has been des- 
cribed in ptarmigan and seabirds (West 1968; 
Stokkan et al. 1986; Gabrielsen et al. 1988). In 
temperate areas there is a distinct daylnight 
variance in light intensity. This is accompanied 
by a clear variation in RMR and body tempera- 
ture (TB). In contrast, diurnal phases in RMR 
and TB seem to fade away under continual light 
conditions of the arctic summer. It therefore 
seems inappropriate to talk about activelresting 
phases (Aschoff & Pohl 1970) during arctic sum- 
mers. When comparing measured with predicted 
metabolic rates it is important that experimental 
conditions are standardized. 
Metabolism of non-incubating Eiders increased 
as ambient temperature decreased in the usual 
homeothermic linear fashion. Thermal conduc- 
tance was very close to the allometric values 
calculated for birds of similar body size. When 
using Herreid & Kessel's (1967) equation for 
dead birds (dry conductance), we obtained values 
131% greater than those predicted, while 
Aschoffs (1981) equation (a-phase) gave 90% of 
the predicted value. When compensating for 
respiratory heat loss, which according to Drent & 
Stonehouse (1971) is estimated to be 12%, a 
better agreement with Aschoffs (1981) than 
Herreid & Kessel's (1967) equation was obtained. 
Compared to other summer acclimatized arctic 
birds such as the Raven (Corvus corax) (Schwan 
& Williams 1978) and Ptarmigan (West 1968; 
Mortensen & Blix 1986), the TC value in Eiders 
I was similar. The TC in winter acclimatized 
Eiders (Jenssen et al. 1989) was 25% lower 
than our measurements. A reduced summer 
insulation is also described in the Brent Goose 
(Branta bernicla) (Irving et al. 1955), Wild 
Turkeys (Meleagris galloparo) (Gray & Prince 
~ 
1988) and in Ptarmigan (Mortensen & Blix 1986). 
It is most likely through the naked brood patch 
that incubating birds lose most heat, which is 
probably the main reason for the higher TC 
and LCT measured in summer acclimatized 
Eiders. 
Studies of water content in starved geese have 
shown that while the extracellular fluid volume 
~ 
was maintained throughout fast, there was an 
increase after 21 days of fasting. (Le Maho et al. 
1981). Studies from body composition of Eiders 
~ 
performed by Parker & Holm (1990) showed that 
water content increased from 51 to 63% from 
egg-laying until hatching. It may be argued that 
! this increase was due to depletion of body fat, 
relative to protein, but our studies of water I 
turnover rates at the end of incubation suggested 
~ 
that Eiders also increase water consumption at 
this time. A water influx rate of 90 mllday and 
I a metabolic water production of 20 muday would give a water intake of 70 mllday. Edema associ- ated with starvation is well-known in mammals (Keys et al. 1950). Birds may drink to maintain a 
~ ~ 
steady body mass when approaching a critical 
weight level (Stage 111, as pointed out by Le 
I Maho et al. 1981). This stage is characterized by increased protein utilization as fat reserves dis- appear and by as rapid drop in body weight. It 
i ~ 
has also been suggested that drinking at the end 
of incubation may lead to an underestimation of 
DEE when calculations are based only on weight 
loss (Groscolas 1988). According to Groscolas 
(1988), DEE in penguins should only be de- 
termined in the middle part of the starvation 
period inxorder to avoid the final period of 
protein catabolism. Caution should therefo~e be 
exercised when using weight loss to calculate 
DEE in starved birds. 
G .  W. Gabneken etal. 
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DAILY ENERGY EXPENDITURE AND ENERGY UTILIZATION OF 
FREE-RANGING BLACK-LEGGED KITTIWAKES' 
GEIR WING GABRIELSEN A D FRIDTJOF MEHLUM 
Department of Biology, The Norwegian Polar Research Institute, N-1330 Oslo Lujihavn, Norway 
KENNETH A. NAGY 
Laboratow of Biomedical and Environmental Sciences, University of California, 
Los Angeles, CA 90024 
Abstract. Rates of CO, production by breeding Black-legged Kittiwakes (Rissa tridactyla) 
(mean mass, 386 g) were measured by using doubly-labeled water. Kittiwakes alternated 
days on and off the nest, while they brooded their nestlings. Field metabolic rates (FMR) 
in nonforaging birds averaged 2.43 ml COdg.hr, or 596 kJ/day. This is 1.9 times the basal 
metabolic rate (BMR), measured in the laboratory to be 1.31 ml CO,/g,hr, or 314 kJ/day. 
FMRs in foraging birds averaged 4.04 ml CO,/g.hr, or 992 kJ/day which is 3.2 times BMR. 
The rate of food consumption by an adult kittiwake, calculated on the basis of the chemical 
composition and digestibility of capelin (Mallotus villosus, the most important dietary item 
at Hopen Island) was 315 g of fresh matter per bird every other day. A colony of 3,000 
breeding pairs of kittiwakes at Hopen Island, using the fishing grounds around the island, 
would consume about 1,245 kg of fresh fish per day, and add about 76 kg (dry matter) of 
guano to the marine ecosystem during the chick-rearing period. 
Key words: Arctic; seabird energetics; doubly-labeled water; field metabolic rate; food 
consumption. 
INTRODUCTION amounts of time that birds spend in various ac- 
The &rents Sea and the waters tivities, along with laboratory-based estimates of 
Svalbard are highly productive and support large the energetic Cost of these activities (Gessaman 
populations of marine mammals and one of the 1973, King 1974, Kendeigh et al. 1977). The 
world's greatest concentrations of seabirds (Zen- TEB is difficult to apply to many sea- 
kevitch 1963). These birds constitute a major birds, because they travel long distances to forage 
component of the marine ecosystem and they and may be for at a time. 
form an important linkage between the terrestrial Mofeover, recent studies have shown that TEB 
and marine ecosystems in the Svalbard area. estimates may contain large errors, depending on 
Black-legged Kittiwakes (Rissa tridactyla) corn- the specific TEB method that is employed ( ~ i l -  
prise a large fraction of the seabird biomass. and Nagy 1984a, Weathers et al. 1984, but 
studies of kittiwake feeding habits, food require- See Nagy et al. 1984). 
merits, and assimilation are of great It is now possible to measure field metabolic 
importance in order to determine the energy flow rates (FMR) of birds directly, by using the dou- 
through the ecosystem. bly-labeled water method. This technique, used 
until recently, the role ofseabirds in the arctic in conjunction with time budget measurements 
food chain has been estimated from and determinations of diet composition, has 
models of seabird energetics (Wiens and scott yielded much information about food and energy 
1975, Fumess 1978, Croxall and Prince 1982, requirements of wild birds (Weathers and Nagy 
Fumess and Cooper 1982, Furness and Barnett 1980, Williamsand Nagy 1984a, Nagy et al. 1984, 
1985), which are based on time-energy budget Bryant et al. 1985). Validation studies on birds 
(TEB) studies of individual species. l-he TEB have shown that DLW measurements are within 
method involves field measurements of the + 10% of direct gravimetric measurements of CO, 
production, indicating reasonable accuracy for 
such studies (Williams and Nagy 1984b). 
The main goal of the present study was to de- 
I Received 14 March 1986. Final acceptance 13 AU- termine the field metabolic rates and food re- 
gust 1986. quirements of breeding Black-legged Kittiwakes. 
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MATERIALS AND METHODS 
BIRDS 
Black-legged Kittiwakes breeding on Hopen Is- 
land (76O30'N and 25"03'E), in the Svalbard ar- 
chipelago, were studied from 31 July until 8 Au- 
gust 1984. Between 2,000 and 3,000 pairs of 
kittiwakes breed annually in the colony we stud- 
ied on the eastern coast of Hopen. Kittiwakes on 
Hopen lay one or two eggs and they usually fledge 
one chick @. T. Barrett, unpubl.). Kittiwake 
chicks were about 5 to 10 days old when we 
performed our study, and both parents were 
making foraging trips. 
WEATHER 
The weather conditions were measured at Hopen 
Radio, 500 m away from the colony, every third 
hour. The weather during the study period was 
characterized by low temperatures, fog, and strong 
winds. The mean air temperature was 4.4"C 
(range, 1.2-12"C), daily average rainfall was 0.4 
mm (range, 0.1-1.2 mm) and mean wind speed 
was 9 m/sec (range, 2-24 m/sec). The ocean sur- 
face temperature was about 3.0°C. There was 
continuous, 24 hr light at Hopen during the study 
period. 
DLW 
Metabolic rates (CO, production) and water flux 
rates were measured using the doubly-labeled 
water method (Lifson and McClintock 1966, 
Nagy 1980, Nagy and Costa 1980) in one or both 
members of breeding pairs. A total of 24 adult 
kittiwakes were caught on the nest. Each was 
placed in a nylon bag and carried to the field 
laboratory 500 m from the colony. Birds were 
injected in the pectoral muscle with 1.2 ml of 
water containing 97.1 1°/o oxygen-18 and 0.4 mc 
of tritium, and were held in a wooden box for 
1.0 to 1.5 hr while the isotopes mixed thoroughly 
in body water fluid (Degen et al. 1981, Williams 
and Nagy 1984b). Buds were weighed to +5 g 
on a Pesola spring balance, head and bill lengths 
were measured to f 1 mm to determine sex 
(males > 92 and females < 92 mm) (Mehlum, 
unpubl.), and each was marked with individual 
patterns on the head using picric acid and indian 
ink. A blood sample (ca. 1 ml) was taken from 
a wing vqjn before release. Most of the birds 
returned to their nest within 10 to 30 min after 
release, and all were relieved at the nest by their 
mates during the next 24 hr. Over the next eight 
days, marked birds were recaptured, weighed, 
and sampled, some more than once. Visual ob- 
servations of the colony were made four times 
each day to check if birds were present. We ob- 
tained separate measurement intervals covering 
brooding of young only ("on nest"), as well as 
periods away from the nest ("off nest") that in- 
cluded foraging. 
Blood samples were centrifuged in heparinized 
microhematocrit capillary tubes, and were vac- 
uum-distilled to obtain pure water. Isotope levels 
in the water were measured by liquid scintillation 
spectrometry (for tritium) and proton activation 
analysis (for oxygen-1 8, Wood et al. 1975). Rates 
of CO, production were calculated by using equa- 
tion 2 in Nagy (1980), and water flux rates were 
calculated by using equation 4 in Nagy and Costa 
(1980). Body water volumes were estimated at 
initial capture from dilution of injected oxygen- 
18 (Nagy 1980). Water volumes at recaptures 
were calculated as initial fractional water content 
multiplied with body mass at recapture. 
FOOD CONSUMPTION 
Field metabolic rates were converted from units 
of CO, production to units of energy (J) by using 
the factor 26.5 J/ml CO,. This factor was cal- 
culated from the chemical composition of cape- 
lin (74.4% water, 10.1% fat, 13.4% protein, and 
1.9% ash; Utne 1976), using energy equivalents 
for fat and protein from Schmidt-Nielsen (1 975). 
This calculation involves the assumption that 
the proportions of dietary fat and protein assim- 
ilated were the same as their proportions in the 
diet, and that kittiwakes ate only capelin during 
our study. In fact, kittiwakes fed primarily on 
capelin, but they consumed some arctic cod and 
various species of crustaceans as well (Mehlum 
and Giertz 1984; Lydersen et al. 1985; Giertz et 
al. 1985; R. T. Barrett, pers. comm.). However, 
the conversion factors for these diet items should 
be within 10% of that for capelin, due to simi- 
larities in the conversion factors for protein and 
fat (Schmidt-Nielsen 1975). 
The amount of food an adult kittiwake would 
have to consume to satisfy its daily energy 
requirement (as measured with doubly-labeled 
water) was calculated from the energy content 
and energy assimilation efficiency for capelin. 
These fish contain 25.7 kJ/g dry matter, and 76% 
of this energy is available for metabolism by kit- 
tiwakes (Gabrielsen, Mehlum, and Brekke, un- 
publ. data). Thus, with a water content of 74.4%, 
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FIGURE 1. Relationship between field metabolic rate, measured with doubly-labeled water, and rate of increase 
or decrease in body mass for breeding adult kittiwakes at Hopen. The line is the least squares regression, where 
y = 3.82 + 0.16x, r2 = 0.26, F1,26 = 9.06, P c 0.01. 
capelin contain 5.0 kJ metabolizable energy per 
g of fresh matter. 
STATISTICS 
Two-tailed t-tests were used to determine the 
significance of differences between means. Re- 
sults are reported as mean & standard deviation. 
The regression line in Figure I was calculated by 
using the least-squares method of linear regres- 
sion. 
RESULTS 
BODY MASS 
Female kittiwakes had significantly lower body 
masses (367 f 11 g) than did males (399 f 29 
g, P < 0.01). However, there were no significant 
differences in mass-specific rates of CO, produc- 
tion or water flux, or rates of body mass change 
between sexes, so mean body mass (386 g) and 
mean values for the rate processes were used in 
subsequent calculations. Kittiwakes maintained 
body masses on average while foraging, but they 
lost body mass while brooding on their nests 
(Table 1). 
FIELD METABOLIC RATE 
Basal metabolic rate (BMR) measured in the lab- 
oratory was 1.3 1 ml CO,/g. hr or 3 14 kJ/day (Ga- 
brielsenet al., unpubl.). Field metabolic rate (CO, 
production) of foraging birds averaged 4.04 t 
1.11 ml CO,/g.hr which is equivalent to 992 t 
273 kJ/day, or 3.16 times BMR (Table 1). Non- 
foraging birds had significantly lower (P < 0.01) 
metabolic rates, averaging 2.43 + 0.73 ml CO,/ 
g.hr, or 596 f 179 kJ/day (1.90 times BMR). 
There was a tendency (not statistically signif- 
icant) toward higher field metabolic rates during 
foraging in parents that had two chicks (4.71 k 
1.4 1 ml CO,/g. hr, n = 3) than in parents having 
one chick (3.87 f 1 .O1 ml CO,/g.hr, n = 16; see 
Fig. 1). There was a significant correlation be- 
tween field metabolic rate and % body mass 
I 
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1 TABLE 1 .  Field metabolic rate, water influx and body mass of adult kittiwakes on Hopen Island, 31 July to 
8 August 1984. 
Body mass Field metabolic rate W a t ~ ~ f l u x  Measurement period 
Animal Sex Mean, g Change, %/day ml CO,/g.hr kllday mllday (days) 
While off nest 
2 
2t  
3 
4* 
4*t 
5 
5 t  
tt 
9 
10*t 
1 o* 
I l t  
1 1  
13 
15 
15 
19 
21* 
23 
Mean 
SD 
While on nest 
6 
6 
7 
12 
19 
20 
20 
23 
Mean 
SD 
*Nest contarned two chicks. 
t OK nest during windy day. 
change per day in kittiwakes (Fig. 1 ; least-squares 
regression analysis; F,,*, = 9.06, P < 0.01). 
Weather conditions also affected field metabolic 
rate. There was a simihcant increase (P < 0.00 1) 
- 
in energy expenditure of foraging birds during a 
24-hr ~er iod  of strong southwesterlv winds from 
- 
3.44 k 0.59 ml CO,/g.hr (n = 5, wind speed = 
7.8 m/sec) before, or 3.67 + 0.92 ml CO Jg.hr 
(n = 6, wind speed = 8.3 d s e c )  after strong 
winds to 5.33 k 0.77 ml CO,/g.hr (n = 6, wind 
speed = 12.8 m/sec) during strong winds. 
Rates o[.water influx were highest (P < 0.01) 
when kittiwakes were off their nest (Table 1). 
Body water contents averaged 6 1.4 + 2.2% of 
body mass (n = 17). 
Visual observation of six marked buds by tel- 
escope, checked each 30 min, showed that kit- 
tiwakes at Hopen Island spent an average of 23 
hr away from the nest (range, 17.0-29.5 hr). Both 
parents participated in brooding and feeding of 
the chicks. The brooding birds remained on the 
nest until relieved by their mates. Three of 17 
studied kittiwakes raised two chicks. 
FOOD CONSUMPTION 
The amount of food a typical adult kittiwake 
would have to consume to satisfy its own energy 
requirements was calculated from field meta- 
bolic rate measurements as follows. Energy ex- 
penditure during one day on the nest was 597 
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W/bird, and one day foraging cost 992 Whird 
to give a total two-day expenditure of 1589 W/ 
bird. At a metabolizable energy yield of 5.0 W/g 
fresh mass of food (see above), the kittiwake must 
consume 315 g fresh food or about 82% of its 
body mass. All of this food would be consumed 
on the day the bird foraged. 
We can check this estimate of feeding rate by 
calculating its associated water influx rate, and 
comparing this with actual influxes measured with 
tritiated water. A mass of 315 g of capelin, at 
74.4% water, contains 234 ml of H,O. Meta- 
bolically-produced water, from oxidation of as- 
similated protein and lipid, would provide an 
additional 0.122 ml H,O/g fresh food (conver- 
sion factors from Schmidt-Nielsen 1975), for a 
total water yield of 272 ml H,0/315 g capelin 
consumed. This is about 11% higher than the 
measured two-day water influx of 245 ml H,O/ 
bird (Table I). The difference may be due to our 
assumption that 100% of the diet was capelin, 
which has a relatively high water content. Inges- 
tion of other foods with lower water contents 
would improve the agreement. Moreover, mea- 
sured water influxes in Table l may underesti- 
mate those in kittiwakes maintaining steady-state, 
because our experimental birds, on average, were 
slowly losing body mass (Table 1). Thus, they 
were probably not eating quite enough food to 
meet their energy expenditures, with the differ- 
ence coming from energy stored in their bodies. 
This comparison suggests that the feeding rate 
estimated from energy expenditure is reasonable, 
and that kittiwakes consumed little or no sea 
water while foraging. 
DISCUSSION 
The FMR of free-ranging kittiwakes was ca. 1.9 
times BMR when brooding and ca. 3.1 times 
BMR when they were off their nests. These val- 
ues are in accordance with studies of other species 
in which isotopically-labeled water has been used 
on breeding birds (Utter 197 1, Utter and Le- 
Febvre 1973, Hails and Bryant 1979, Bryant and 
Westerterp 1980, Weathers and Nagy 1980, Nagy 
et al. 1984, Ricklefs and Williams 1984). Hails 
and Bryant (1979) found higher FMR in male 
Common House-Martins (Delichon urbica) feed- 
ing their broods. Male European Starlings (Stur- 
nus vulgaris) expended less energy during the 
middle of the nesting period than females (Rick- 
lefs and Williams 1984). In our study there was 
no significant difference between males and fe- 
males in FMR. Our study was performed during 
a short period when the adults were brooding 
and feeding their chicks. A longer experimental 
period, more measurements, and stable weather 
conditions are required to explore for possible 
sexual differences in FMR. Feeding modes are 
probably very different in seabirds as compared 
with house-martins or starlings. Seabirds forage 
at a much longer distance from the nest than do 
martins or starlings. 
At Hopen both parents shared in feeding of 
their chicks. Three of 17 parents studied were 
feeding two chicks. FMRs averaged ca. 3.0 times 
BMR in parents feeding one chick, and ca. 3.6 
times BMR in parents feeding two chicks, but 
this difference is not statistically significant due 
to high variability in FMR data (Fig. 1). Al- 
though Ricklefs and Williams (1984) found that 
FMR was independent of brood size in starlings, 
Hails and Bryant (1 979) found a significant cor- 
relation between FMR and brood mass in male 
house-martins. An increase in brood size from 
three to four young entails an average increase 
in energy expenditure by female house-martins 
of 18%. This is in accordance with our study 
which indicated an FMR increase of 20% in kit- 
tiwakes feeding two chicks. The parents of two 
chicks probably have to spend more time flying 
while searching for food, and they may also 
spend more energy to cany a greater mass of food 
from the foraging area. Purple Martins (Progne 
subis) and house-martins showed an increase in 
enepg expenditure with increased rate of food 
delivery to the brood (Utter and LeFebvre 1973, 
Hails and Bryant 1979, Bryant and Westerterp 
1983). 
Bryant and Westerterp (1983) found a signif- 
icant correlation between FMR and weather fac- 
tors (ambient temperature and windspeed). Fair 
weather (warm and calm days) resulted in higher 
energy expenditure. This was associated with 
better food supply (flying insects), more time spent 
in flight and a greater amount of food brought 
to the nestlings. Foraging kittiwakes showed a 
significant increase in FMR during one day of 
heavy wind. This is probably not due to an in- 
creased cost of capturing prey, but rather to an 
increased energy cost for flapping flight. The en- 
ergy cost of flight in free-living birds should not 
be calculated as a given multiple of BMR, as is 
done in many models (summarized by Flint and 
Nagy 1984). Behavior and aerodynamic prop- 
erties are certainly important factors, but weath- 
KITTIWAKE ENERGETICS 13 1 
er also has a large influence on the energy ex- 
penditure during flight. High wind increases 
flapping time at the expense of gliding or soaring 
in kittiwakes. 
Behavioral observations of six marked pairs 
of kittiwakes on Hopen island showed that they 
spent an average of 23 hr away from their nests 
during the chick rearing period. We assume that 
kittiwakes spent much of their time foraging while 
not on their nests, but they may also have been 
resting at  the breeding island. During the exper- 
imental period, flocks of several hundred kitti- 
wakes were often seen resting close to the breed- 
ing colony. Most often these birds were sitting 
with their heads under their wings, but they were 
also seen preening. Thus, our measurements of 
FMR and water flux during off-nest periods may 
include periods of rest as well as foraging bouts. 
Kendeigh et al. (1977) provide equations for 
estimating daily energy expenditure of birds, and 
these have often been used in models for esti- 
mating energetics of seabird populations (Wiens 
and Scott 1975, Furness 1978, Furness and Coo- 
per 1982, Furness and Barrett 1985). These equa- 
tions compensate for the effect of temperature 
on energy metabolism, but Kendeigh et al. (1977) 
suggest that they may underestimate metabolism 
for birds breeding at  high latitude. Nagy et al. 
(1984) made DLW measurements of FMR in 
Jackass Penguins (Spheniscus demersus), and 
found close agreement with the predictions from 
Furness and Cooper's (1 982) bioenergetic model, 
which is based on Kendeigh's equations. Ken- 
deigh's equation (0°C) predicts a daily energy ex- 
penditure for a 386-g kittiwake of 443 W/day. 
Actual FMRs were 36% higher in kittiwakes on 
the nest, and 123% higher for birds off the nest. 
Walsberg's (1983) equation for daily energy 
expenditure, based on studies of 42 avian species, 
gives an estimate of 479 W/day for a 386-g kit- 
tiwake. Actual FMRs were 2 1 O/o higher (on nest) 
and 108% higher (off nest, Table 1). These com- 
parisons indicate that caution should be taken 
when modelling energetics of northern seabirds 
using equations by Kendeigh et al. (1977) and 
Walsberg (1983) to estimate daily energy expen- 
diture. 
A breeding kittiwake eats an average of 3 15 g 
of fresh capelin every other day (assuming a diet 
of capelin~nly). This represents only the food 
an adult needs for its own energy requirements, 
and does not include food given to its young. 
Based on metabolism and growth rate measure- 
ments on growing kittiwake chicks (Gabrielsen 
and Mehlum, unpubl.), and assuming that they 
have the same assimilation efficiency as adults, 
we estimated that a 10-day-old chick would con- 
sume about 100 g of fresh food each day. Thus, 
the food requirements of the two adults and one 
chick (age 10 days) at  a typical nest would be 
41 5 g fresh fish per day. A colony of 3,000 breed- 
ing pairs (including one chick in each nest) of 
kittiwakes would therefore consume about 1245 
kg of capelin per day. At a dry matter digestibility 
of about 75% (Gabrielsen and Mehlum, unpubl.), 
we estimate that about 76 kg (dry matter) of 
nitrogen-rich guano is added to the Hopen island 
ecosystem each day by this colony alone. Much 
of this guano is deposited on the terrestrial por- 
tion of the system. 
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Summary. Thermoregulation was studied in four 
species of seabirds in ~y-Alesund, Svalbard. The 
major findings of the study are: 
1. Resting metabolic rates (RMR) were 1.64, 
1.00, 1.59 and I .I I ml O,/g.h, thermal conduc- 
tance (TC) 0.0466, 0.0336, 0.0475 and 0.0282 ml 
O,/g.h."C and body temperature (T,) 40.2, 38.7, 
39.9 and 39.6 "C, in Kittiwakes, Fulmars, Black 
and Brunnich's Guillemots, respectively. 
2. RMR values from all four species were 
above predicted values based on equations from 
Lasiewski and Dawson (1967), Aschoff and Pohl 
(1970) and Ellis (1984). In Kittiwakes the measured 
RMR values were 183%, 158% and 156% of pre- 
dicted values while in Fulmars only 131 %, 113% 
and 112%. 
3. Thermal conductance was lower, i.e. insula- 
tion better, in Fulmars and Briinnich's Guillemots 
compared to Kittiwakes and Black Guillemots. TC 
values obtained in this study were different from 
values predicted from equations of Herreid and 
Kessel (1967) and Aschoff (1981). While Herreid 
and Kessel's values were somewhat elevated, 
Aschoffs equation gave values below our measure- 
ments. 
4. Low ambient temperatures and the birds' ac- 
tivity level are suggested as the major reason for 
high RMR in Kittiwakes, Black and Briinnich's 
Guillemots. 
5. The RMR values measured in Fulmars did 
not differ from those of Procellariiformes studied 
in sub-Antarctica. It is suggested that the lower 
* To whom offprint requests should be sent 
*' Present address: Dept. of General Physiology, Box 1051, 
Blindern, N-0316 Oslo 3, Norway 
Abbreviations. RMR resting metabolic rate; TC thermal con- 
ductance; T, ambient temperature; T, cloacal temperature; T, 
lower critical temperature; RQ respiratory quotient; VO2 oxy- 
gen consumption 
metabolic rate and body temperature enable Ful- 
mars to survive extended periods of fasting. 
Introduction 
The Kittiwakes, Fulmars and Brunnich's Guille- 
mots constitute the most numerous seabird species 
in the Barents Sea. In order to determine the ener- 
gy flow through the arctic marine ecosystem it is 
important to determine seabirds' resting metabolic 
rate (RMR) as well as their thermoregulation when 
exposed to different ambient temperatures (T,). 
Energy budget calculations of free ranging birds 
have often been related to RMR. Multiples of 
RMR have been used to estimate energy expendi- 
ture of single individuals (Utter and LeFebvre 
1973) and populations (Furness 1978) as well as 
during activities such as walking, swimming or fly- 
inp (Raveling and LeFebvre 1967; Prange and 
Schmidt-Nielsen 1970; Tucker 1972; Fedak et al. 
1974). Energy expenditure of a bird at rest is 
strongly influenced by T,. The extent of this influ- 
ence in different species is shown by the thermal 
conductance (TC). In addition to direct measure- 
ments in the field and laboratory, RMR and TC 
in birds have been estimated from various allomet- 
ric equations (Aschoff and Pohl 1970; Lasiewski 
and Dawson 1967; Herreid and Kessel 1967; As- 
choff 1981). Such estimates are frequently used in 
models of seabird energetics in which RMR and 
TC are unknown. 
In only two studies of seabirds, living and 
breeding in the arctic, have such values been direct- 
ly measured (Scholander et al. 1950; Johnson and 
West 1975). Both studies gave RMR and TC 
values well above the predicted ones. 
The aims of this study were (1) to determine 
RMR, Tb and TC in four species of arctic seabirds, 
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FLOW 
METER 
DISTRIBUTOR PUMP 
PRINTER Fig. 1. Experimental set-up for 
recording oxygen consumption 
and carbon dioxide production in 
t . 3  seabirds 
(2) to compare these measurements with others and of daylight during the breeding season. At each T., vO2, C0,- 
with theoretical estimates and (3) to give new in- production, flow rate and Tb were read by a computer (Apricot 
sights into he themoregulation of arctic breeding PC) every 30 s when a stable resting period was obtained. Voo, (ml O,/g.h), C0,-production (ml CO,/g.h), R Q  and energy 
seabirds. expenditure (kJ/bird.day and Wattlbird) were calculated. Oxy- 
gen and carbon dioxide content in the outflow gas were deter- 
mined to the nearest 0.01%. The final values for vo2 and Vm, 
I Materials and methods are accurate to within ? 5%. All results are given at STPD. 
Experimental birds. The study was carried out at the Research 
Station of the Norwegian Polar Research Institute in  ale- 
sund (79 ON), Svalbard. A total of I6 adult Black-legged Kitti- 
wakes (Rissa tridartyla), 16 Fulmars (Fulmmus glacialis), 13 
Black Guillemots (Cepphus grylle) and 11 Briinn~ch's Gnille- 
mots (Uria lomvia) of both sexes was studied during June/July 
in 1984, 1985 and 1987. Birds were either trapped on the nest, 
using a bamboo pole with a nylon snare or they were caught 
in flight with a net-gun (Coda Enterprises). The birds were 
kept in individual outdoor cages for 1-2 days. They were not 
fed but were given water ad hbitum. The first metabolic mea- 
surement was done 1&12 h after capture. 
Metabolic rate measurements. A metabolic chamber was placed 
inside a climatic chamber where the T, could be controlled 
within + 1 "C from -25 to + 30 "C (Fig. 1). The metabolic 
chamber was of plexiglass which allowed continuous TV sur- 
veillance. vo and CO, production were measured in an open 
system usin; an oxygen analyzer (Applied Electrochemistry 
Inc.) and a carbon dioxide analyzer (Binos-I, Leybold-Her- 
aeus). Air was dried with silica. Air flow (2.54.0 I/min) was 
measured with a flowmeter (Hi-Tec, F113) connected to a rea- 
dout (Model E-0020). The air flow was adiusted to k e e ~  CO, 
Thermal conductance. Thermal conductance (TC) was calcu- 
lated from the mass specific metabolic rate and at T, below 
T.. The regression line was calculated by dividing the C',z by 
Tb- T. at a T. below 0 "C. TC should be expressed as W/m."C 
(Bligh and Johnson 1973). However, in order to compare our 
results with those of Herreid and Kessel (1967) and Aschoff 
(1981), TC was expressed as ml O,/g.h."C. TC is expressed 
as 'wet' conductance since evaporative heat loss from respira- 
tion was not excluded. In calculating energy expenditure from 
Voz, the conversion coefficient of 4.8 kcal per liter oxygen 
(RQ=0.75) was used (Schmidt-Nielsen 1975; 1 kcal= 
4.185 kJ). 
The lower critical temperature (T.) was determined from 
the intersections between the lines representing metabolic rate 
at low T. and the lines representing RMR in the thermonentral 
zone. 
Results 
Restinp metabolic rate 
levelsju the cbambe;between 0.3% and 1.0%. The instruments - 
were calibrated with ambient air before each test. The mean body weight value from each species 
x in the climatic and metabolic chambers were measured was used (see Table 1) when calculatine, the meta- 
with copper-constautan thermocouples connected to a digital bolic rate.' .-...-. ~ .  
thermoheter (Fluke, 2168 A). T, in the metabolic chamber 
was measured 3-5 cm above the birds' body surface. T, of the Fulmars, and Briinnich's Guil'emots set- 
birds was measured continuously with an epoxy-coated tb-o- tled down in the metabolic chamber within a few 
counle inserted about 3 cm into the colon of the birds. Each minutes and stable measurements were obtained 
~~ r - ~ ~  - 
bird was measured at 2-5 different T.. Body weights weremea- within I h. The Kittiwakes. however. initiallv 
sured at the start and at the end of each experiment, using Showed restless behavior, and ktable 
a Metler PE 16 balance (accuracy kO.1 g). During each test, 
the bird was exposed to a given temperature for at least Were not Obtained before to h. 
1.5-2.0 h. All measurements were done under full light condl- The mean RMR values are given in Table 1. 
tions in the climatic chamber, since these blrds experience 24 h The corresponding mean RQ were 0.73 f 0.01, 
) 
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Table I. Body weight (mean? SD), resting metabolic rate (RMR, 
ml O,/g.h, mean? SD), thermal conductance (TC, ml O,/g.h."C) 
and lower critical temperature (T,, "C) in four species of seabirds 
in Ssalhard. N is number of birds 
Species N Body RMR TC T. 
mass (g) (mlO,/g.h) (ml O,/g. h."C) (OC) 
Rissa 16 365.0*29.8 1.64&0.08 0.0466 t 4 . 5  
tridactyla 
Fulmarus 16 651.0f 83.4 1.00k0.09 0.0336 +9.0 
glacialis 
Cepphus 13 342.2k22.3 1.59+0.12 0.0475 + 7.0 
grylle 
Uria 11 819.3k72.7 1.11 +0.12 0.0282 f2.0 
lomvia 
0.73 * 0.01, 0.72+0.01 and 0.72f 0.01. Fulmars 
had a significantly lower specific RMR than Kitti- 
wakes, Black and Briinnich's Guillemots. Kitti- 
wakes showed the highest specific RMR, about 
64% higher than those of the Fulmars. 
All metabolic measurements were performed 
during full light conditions in order to simulate 
the arctic summer. We found no significant differ- 
ence between RMR values measured during the 
day (9°0-1500) and those measured during the 
night (21°0-0300). This indicates, under the given 
experimental conditions, that there was a lack of 
diurnal rhythmicity in the RMR of all four species 
studied. 
The mean daily energy expenditures of birds 
studied, at thermoneutrality, are given in Table 2. 
All these values are higher than those predicted 
by Lasiewski and Dawson (1967), Aschoff and 
Pohl(1970) and Ellis (1984). In energy expenditure 
they were most pronounced in Kittiwakes (183%, 
158% and 156% of predicted values, respectively) 
while they were lowest in Fulmars (131%, 113% 
and 112% of predicted values, respectively). In 
general all RMR values obtained in this study were 
above the predicted equations. 
Metabolism at low ambient temperatures 
The RMR at different T, are presented in Fig. 2. 
Tb was stable over the whole range of T, ,  
40.2k 0.7, 38.7k0.5, 39.9k0.3 and 39.6f 0.7 "C 
in Kittiwakes, Fulmars, Black and Brunnich's 
Guillemots, respectively. Kittiwakes, which had 
the highest RMR, also had the highest Tb, while 
Fulmars, which had the lowest RMR had the low- 
est Tb. The T, difference in the last two species 
was significant (P<0.001, t-test). 
Below T, vOz increased linearly in all species. 
The regression l~ne  intersected the abscissa close 
to Tb in all species. The regression equations in 
Kittiwakes, Fulmars, Black and Briinnich's Guille- 
mots were y = 1.87-0.05 x , y = 1.34-0.04 x , y = 
1.934.04 x and y = 1.14-0.03 x , respectively. TC 
and T, values are given in Table 1. The insulation 
in the Fulmar is 39% better than in the Kittiwake, 
while it is 68% better in the Brunnich's Guillemot 
compared to the Black Guillemot. TC values ob- 
tained in this study were different from values ob- 
tained by equations made by Herreid and Kessel 
(1967) and Aschoff (1981) (Table 2). 
Discussion 
True basal metabolic rate (BMR) is measured 
when the organism is resting, during the dark- 
phase and in the post-absorptive state within the 
thennoneutral zone (Bligh and Johnson 1973). In 
our study the birds were physically inactive during 
measurement and they fasted 10-12 h prior to each 
experiment. Yet, in all likelihood, the birds were 
excited and we therefore do not claim to have mea- 
sured true BMR but rather resting metabolic rate 
(RMR). Nevertheless we think that our measure- 
ments are comparable to values termed BMR in 
the literature. 
Aschoff and Pohl(1970) have shown a 20-25% 
difference in metabolism in birds during their ac- 
Table 2. Resting metabolic rate and thermal conductance in four species of seabirds 
Species 
- - - 
Mean body Mean resting metabolic rate Thermal conductance 
mass 
(g) This study L&D A&P Ellis This study H&K A 
(kJ/bird.day) (1967) (1970) (1984) (ml O,/g.h."C) (1967) (1981) 
- - -- - 
Rissa fridactyla 365 289 183 158 156 0.0466 115 86 
Fulmarus glacialis 651 314 131 113 112 0.0336 113 82 
Cepphus grylle 342 262 174 151 149 0.0475 113 85 
Uria lomoia 819 438 154 133 132 0.0282 107 77 
Data from this study are compared (as %) to values predicted according to the equations given by Lasiewski and Dawson (1967), 
Aschoff and Pohl (a-phase) (1970). Ellis (1984). Herreid and Kessel (1967) and Aschoff (1981) 
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Fig. 2. Oxygen consumption of Kittiwake, Fulmar, Black Guille- 
mot and Briinnich's Guillemot at different T.. The regression 
lines below T,  intersected the abscissa at the ambient tempera- 
tures close to the measured T,. The horizontal lines were drawn 
through the &an values obtained at thermoneutrality 
tive (a) versus their resting (Q)  phase. Our experi- 
ments were performed during full light conditions, 
due to the midnight sun during the arctic summer. 
When measurements during day and at night were 
compared, we were unable to find a diurnal cycle 
in Tb and RMR. These results, together with mea- 
surements of Tb by telemetry (Gabrielsen, unpub- 
lished), indicate that there is little or no diurnal 
rhythmicity in seabirds studied in Svalbard. Disap- 
pearance of a nocturnal resting phase during sum- 
mer has also been described for other arctic birds 
(West 1968; Stokkan et al. 1986). 
Lasiewski and Dawson (1967) provided an allo- 
metric equation for BMR in non-passerines based 
on body mass. Aschoff and Pohl (1970) made a 
similar equation, which accounted for the influence 
of the diurnal rhythm on BMR. Ellis (1984) based 
his equation on metabolic measurements of sea- 
birds only. His equation was elevated but parallel 
to that of all non-passerines as predicted by La- 
siewski and Dawson (1967). Prinzinger and 
Hanssler's (1980) metabolic measurements of 24 
species of non-passerines, our measurements, and 
those by Scholander et al. (1950) and Johnson and 
West (1975), reveal RMR well above the values 
predicted from these equations. Adult Kittiwakes 
(365 g) for example, showed RMR values which 
were 183, 158 and 156% of these predicted values, 
respectively. These results indicate an influence of 
climate on RMR. This is in accordance with earlier 
observations by Weathers (1979), Hails (3983) and 
Ellis (1984) that BMR in seabirds is a function 
of breeding latitude. Other bird species, living and 
breeding in the north, also show a higher RMR 
than predicted (West 1972; Schwan and Williams 
1978; Mortensen and Blix 1985). However, this 
study on Kittiwakes, Black and Briinnich's Guille- 
mots indicates that other factors than size, diurnal 
phase and climate may additionally account for 
their high RMR. Ellis (1984) found that seabirds 
that feed below the water surface have higher met- 
abolic rates than birds feeding on the surface. On 
the contrary, the study by Scholander et al. (1950) 
of Glaucous Gulls (Larus hyperboreus) and our 
study of Kittiwakes, show that both these surface 
feeders have a higher RMR value than the Alcidae, 
which are typical divers. A possible explanation 
for the difference in RMR between Laridae and 
Alcidae is better cold adaptation in the Alcidae 
since they are more exposed to low sea water tem- 
peratures. The difference may also be related to 
physical activity. Their modes of life are different. 
Kittiwakes and Glaucous Gulls, which are surface 
feeders, use more energy to search for food com- 
pared to Black and Briinnich's Guillemots, which 
G.W. Gabrielsen et al.: Thermoregulation in four species of arctic 
are divers. In birds the energy cost of diving is 
less than that of flying. While the cost of diving 
is 1.2-2 times RMR, the cost of flying varies from 
6-12 times RMR (Butler and Woakes 1982). Ac- 
tive birds, compared to less active birds, are known 
to have higher vO2 max, increased ventilation vol- 
ume, higher mitochondria1 volume (more aerobic 
enzymes) and a higher cardiac output (Butler 
1982). These behavioral and physiological differ- 
ences may explain some of the RMR differences 
between Laridae and Alcidae. 
The Fulmar studied had a significantly lower 
Tb than the other species studied. This is in accor- 
dance with other studies showing that Procellarii- 
formes have T,'s significantly lower than other 
non-passerines (McNab 1966; Warham 1971; 
Adams and Brown 1984). According to McNab 
(1966) the low Tb of Procellariiformes suggests a 
low BMR and/or a high rate of heat loss. We 
found that the Fulmar, despite its body weight be- 
ing 170 g below Brunnich's Guillemot, possesses 
nearly the same insulation (Table 1). In accordance 
with the low Tb and TC we also measured a low 
RMR. 
RMR of the Fulmar is close to those predicted 
from other non-passerines. They are nearly identi- 
cal to those predicted by Adams and Brown (1984) 
for 10 species of sub-Antarctic Procellariiformes. 
The Fulmar is found in the Svalbard region 
throughout the year. A low BMR, Tb, good insula- 
tion together with its ability to store oils in the 
proventricular part of the intestine (Rosenheim 
and Webster 1927; Imber 1976) are the most im- 
portant factors to survive the long winter nights 
in the Arctic with extended periods of fasting. At 
the island of Jan Mayen (71 ON), trappers have 
recorded Fulmars coming midwinter to settle at  
the bird cliffs. When arriving the birds were plump 
and had large breastmuscles, but after a fortnight 
on the cliffs they became very thin (Lsvenskiold 
1964). 
When calculating energy cost of flight, accord- 
ing to the equation by Masman and Klaassen 
(1987), Fulmars have a lower flight cost compared 
to Kittiwakes. It therefore appears that Fulmars, 
even though they fly a lot, still retain a low RMR 
as a result of their low flight cost. Thus their activi- 
ty pattern or manner of flying affects their RMR 
in a predictable way. 
Scholander et al. (1950) described two main ad- 
justments for animals living in the cold. One was 
to lower the heat loss by increasing the insulation. 
the other was to increase the heat production dur- 
ing cold stress by raising the metabolism. While 
the Fulmars and Brunnich's Guillemots seem to 
seabirds 707 
use the former mechanism, the latter principle 
seems to be used by the Kittiwakes and Black Guil- 
lemots. As T, decreased, metabolism increased in 
the usual homeothermic linear fashion in all spe- 
cies studied. TC's in the four species were very 
close to allometric values calculated for alert birds 
of similar body size. By using Herreid and Kessel's 
(1967) equation for dead birds (dry conductance), 
we got values 107 to 115% of predicted, while us- 
ing Aschoffs (1981) equation (a-phase) we got 
77786% of the predicted value. When compensat- 
ing for respiratory heat loss, which according to 
Drent and Stonehouse (1971) is 12%, we got better 
agreement with Herreid and Kessel (1967) than 
with Aschoff (1981). Compared to other arctic bird 
species, the raven (Corvus corax) and the ptarmi- 
gans (Lagopus spp.), adapted to the cold (Schwan 
and Williams 1978; West 1972; Mortensen and 
Blix 1985), TC's were higher in all seabirds studied. 
When comparing seabirds of similar body size 
measured in the temperate areas (see Aschoff 
1981), TC in arctic living seabirds is lower. The 
Fulmar has 19% higher TC values than Brunnich's 
Guillemot. As a result of a reduced metabolism 
in Fulmars the T, is higher compared to other spe- 
cies. This is compensated by good insulation which 
is important, especially when 'fasting'. 
Energy budgets from seabirds are often pre- 
sented in terms of 'predicted metabolic rate', 
especially in models of seabird energetics (Wiens 
and Scott 1975; Furness 1978; Croxall and Prince 
1982; Furness and Barrett 1985). Kendeigh's et al. 
(1977) equations are frequently used in model stud- 
ies explaining the interactions of seabirds and fish 
populations. These equations include BMR, tem- 
perature regulation, specific dynamic action and 
energy expenditure of locomotion while the bird 
is 'caged' and is not compensated for climate. 
When applied to daily energy budgets for Kitti- 
wakes (independently studied by Gabrielsen et al. 
(1987) using the doubly labeled water technique) 
this direct method gave results which were 36% 
higher than predicted on nest and 123% higher 
off nest. 
The results reported here and in other studies 
(Ellis 1984) suggest that the physiological factors 
are not only related to geographic locality (Schwan 
and Williams 1978), but also to the birds' activity 
level. In addition the study shows that great cau- 
tion should be taken when seabird energetics are 
modelled using only allometric equations. 
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FIELD AND LABORATORY METABOLISM AND THERMOREGULATION 
IN DOVEKIES (ALLE ALLE) 
GEIR WING GAB RIEL SEN,',^ JAN R. E. TAYLOR) 
MAREK KONARZEWSKI? AND FRIDTJOF MEHLUM~ 
'The Norwegian Polar Research Institute, P.O. Box 158, N-1330 Oslo Lufthavn, Norway, and 
21nstitute of Biology, University of Warsaw, Branch in Bialystok, Swierkowa 208, 
P.O. Box 109, 15-950 Bialystok, Poland 
ABSTRACT.-The Dovekie (Alle alle) is an abundant seabird in the high Arctic. We studied 
Dovekie energetics by measurements of resting metabolic rate (RMR) in the laboratory and 
rates of CO, production (with doubly labeled water, DLW) of free-living adults during the 
chick-rearing period. Within the thermoneutral zone, resting metabolism was 2.42 + 0.13 ml 
O,.g-'.h-' (177.9 + 9.6 kJ/day). These values were 84-112% greater than predicted for non- 
passerines. Thermal conductance (C) was 0.0630 + 0.0029 ml 02.g-1.h-1.0C-', which was close 
to or lower than allometric values of birds of similar body size. Field metabolic rate (FMR) 
was 6.68 + 1.06 ml C02.g-'.h-' (696.1 f 103.7 kJ/day). Thisis the highest FMRvalue,corrected 
for body mass, yet published for seabirds studied by the doubly labeled water method during 
the chick-rearing period. The high wing loading of Dovekies implies that flight cost may be 
high, resulting in a high FMR. Despite a high FMR, Dovekies had an FMRIRMR ratio of 3.9, 
similar to values reported for other species in other regions during chick-rearing. We esti- 
mated that the amount of plankton (mainly Calanus finmarchicus) consumed each day by 
Dovekies equaled 80% of their body mass. A colony of 70,000 pairs of Dovekies (assuming 
one 14-day-old chick in each nest) would consume 21.9 tons of fresh zooplankton per day, 
and would add approximately 2.1 tons (dry mass) per day of guano to the marine and terrestrial 
ecosystems over this period. Received 4 January 1990, accepted 13 July 1990. 
THE DOVEKIE (Alle alle) is the smallest (163 g) tems by transporting organic matter and nutri- 
and the most abundant seabird species of the ents from sea to land (Norderhaug 1970, Taylor 
Svalbard archipelago. The largest breeding col- and Konarzewski unpubl. data). 
onies, which comprise several hundred thou- High-latitude seabirds during the chick-rear- 
sand pairs, are on the western coast of Spits- ing period have high values of resting meta- 
bergen (Lavenskiold 1964). Dovekies feed bolic rate (RMR) within the thermoneutral zone, 
offshore during the breeding season, and have and a high field metabolic rate (FMR) when 
been observed as far as 150 km from the colonies colhpared with tropical and temperate species 
(Byrkjedal et al. 1974, Brown 1976). Some Dove- (Johnson and West 1975; Ricklefs et al. 1986; 
kies also feed inshore (Hartley and Fisher 1936, Roby and Ricklefs 1986; Obst et al. 1987; Ga- 
Evans 1981). Near Hornsund, Svalbard (77ON), brielsen et al. 1987,1988). The FMRIRMR ratio 
the birds feed mainly offshore (Konarzewski in high-latitude seabirds varies between 3 and 
and Taylor pers. obs.). The diet consists pri- 4, which is consistent with Drent and Daan's 
marily of planktonic copepods (Norderhaug (1980) proposal of a "maximum sustained work- 
1980; Evans 1981; Lydersen et al. 1985; Wes- ing level" of 4 times basal metabolic rate (BMR) 
lawski, Taylor, and Konarzewski unpubl. data). during chick-rearing. The Dovekie activity pat- 
The large populations of Dovekies are the major tern during chick-rearing reflects a high en- 
avian predatorson marine copepods in the Sval- ergy expenditure. Each parent makes approxi- 
bard area. Dovekies spend most of their time at mately 3-5 trips between nesting and feeding 
sea, and may play an important role in recycling areas daily (Norderhaug 1980, Evans 1981, 
nutrients in arctic marine ecosystems. They also Stempniewicz and Jezierski 1987, Konarzewski 
have a significant impact on terrestrial ecosys- and Taylor pers. obs.). Dovekies have only one 
chick, which is brooded for 5-7 days (Norder- 
haug 1980, Taylor and Konarzewski pers. obs.). 
3 present address: Norwegian institute for ~~t~~~ Dovekies and other alcids practice both aerial 
Research, C/o Tromse Museum, University of Tromse, and underwater locomotion. They use their 
N-9000 Tromse, Norway. wings for propulsion, and the media differ sub- 
7 1 The Auk 108: 71-78. January I991 
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stantially in density and  i n  buoyancy. Flying 
auks probably represent a compromise between 
birds adapted for locomotion i n  air and  i n  water 
(Storer 1960). Compared with other seabirds of 
the same mass, auks have reduced wing span 
and  wing area (Masman and  Klaassen 1987, 
Pennycuick 1987). Thus, we  expect a high en- 
ergetic cost of aerial locomotion and  pursuit 
diving i n  the Dovekie. The cost of flight and  
swimming, measured o n  free-living birds by 
the doubly labeled water (DLW) method, ranged 
between 4.8 and  11.6 times BMR (LeFebvre 1964, 
Utter and  LeFebvre 1973, Flint and  Nagy 1984, 
Nagy e t  al. 1984). Because of the expected high 
cost of existence i n  Dovekies, we  felt it impor- 
tant to determine whether FMR and RMR are 
consistent with these values, and  whether the 
FMR/RMR ratio supports the  "maximum sus- 
tained working level" hypothesis (Drent and  
Daan 1980). We used the DLW method to  mea- 
sure FMR of the Dovekie during the chick-rear- 
ing  period. To determine the FMRIRMR ratio 
of free-living Dovekies, we  also measured rates 
of metabolism i n  the laboratory. We estimated 
food consumption based o n  water flux rates and  
the chemical composition of the diet. Finally 
we  estimated food requirements of a population 
of Dovekies to  assess their influence on  the arc- 
tic marine ecosystem. 
We studied Dovekies breeding in Krossfjorden 
(79ON, 11W) and in Hornsund (77"N, 15W), Svalbard, 
from July to mid-August 1986. Laboratory studies were 
performed at the research station of the Norwegian 
Polar Research Institute in Ny-Alesund (32 km south 
of Krossfjorden). Adult Dovekies (n = 23) were stud- 
ied in the laboratory during their incubation period. 
Birds were either trapped in the nest or caught with 
a mist net. Birds used in the laboratory study were 
kept in an outdoor cage for 1-1.5 days and fed frozen 
Parathemisto sp. 
The field studies were conducted at the Dovekie 
colony (Ariekammen) on the northern shores of the 
Hornsund Fjord (Norderhaug 1980; Stempniewicz 
1980, 1981). Approximately 70,000 pairs of Dovekies 
breed annually in the Ariekammen colony (Taylor 
and Konarzewski in prep.), and 400,000 pairs are es- 
timated to breed on the northern mountains of the 
Hornsund Fjord (Bakken pers. comm.). During the 
last days of incubation, we fitted 25 nests with traps. 
These ne6ts were inspected daily before the DLW 
experiments to determine the date of hatching. Chicks 
were 7-20 days old when we performed the DLW 
measurements on adults. At that age chicks are al- 
ready homeothermic (Konarzewski and Taylor pers. 
obs.). 
Resting metabolic rate measurements.-RMR was mea- 
sured both during the day and at night. Metabolic 
measurements at ~ ~ - i l e s u n d ,  were as described by 
Gabrielsen et al. (1988). Briefly, a metabolic chamber 
(4.5 1) was placed inside a climatic chamber where 
the ambient temperature could be controlled within 
+ I0C from -25 to +30°C. We measured air flow (1.5- 
2.0 l/min) with a mass flow meter (Model F 113, Hi- 
Tec) connected to a readout (Model E-0020, Hi-Tec). 
Oxygen consumption and CO, production were mea- 
sured with an Applied Electrochemistry oxygen an- 
alyzer and a Leybold-Heraeus (BINOS-1) CO, ana- 
lyzer. Temperatures in the climatic and metabolic 
chamber were measured by thermocouples connected 
to a Fluke thermometer. Body temperature was mea- 
sured during metabolism trials by a small thermo- 
couple inserted ca. 2-3 cm into the cloaca. The first 
metabolic measurement was made within 10-12 h of 
capture. Eight to ten hours before metabolic trials, 
birds were denied food. All birds were exposed to 
a given chamber temperature 1-3 times for at least 
1.5-2.0 h. We measured metabolism under full light 
conditions in the climatic chamber and while the bird 
was resting, as determined by inactivity of the bird 
(observed by video). We calculated 0, consumption 
(ml O,.g-'.h-I), CO, production (ml CO,.g-'.h-'), re- 
spiratory quotient (RQ), and energy expenditure (kJI 
day) at STPD. 
We calculated thermal conductance (C) from the 
mass-specific metabolic rate (VO,) at an ambient tem- 
perature (T,) below lower critical temperature, ac- 
cording to the formula: C = VO,/(T, - T.), where T, 
is the body temperature of the bird. Thermal con- 
ductance is expressed as "wet" conductance because 
evaporative heat loss from respiration was included. 
All birds used in laboratory experiments were re- 
leased in the colony. 
Doubly labeled water studies in the field.-Metabolic 
rates (CO, production) and water flux rates were mea- 
sured by the DLW method (Lifson and McClintock 
1966, Nagy 1980, Nagy and Costa 1980) in one or both 
members of a breeding pair. The mean error of this 
method ranged between -4.9 and +6.5% (Williams 
and Prints 1986). 
We trapped 28 adults at the nest. We injected 0.5 
ml H,'BO, containing 97.11 atom % oxygen-18 and 
0.4 mCi tritium, into the pectoral muscle. The birds 
were held in a wooden box for 1.0 h while the isotopes 
equilibrated with body water (Degen et al. 1981, Wil- 
liams and Nagy 1984). Birds were weighed to the 
nearest 1 g on an Ohaus (C 501) digital balance. Each 
bird was marked on the breast with individual pat- 
terns in india ink. Blood samples (3 x 70 al) were 
taken from a wing vein. We retrapped 15 birds within 
one or two days, some of them more than once; and 
a second blood sample was taken. The colony was 
monitored continuously to establish the presence of 
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experimental birds. Two background samples were 
taken from control birds at the start and at the end 
of the experimental period. The background for ox- 
ygen-18 was 0.2030 atom % and 30.0 cpm for tritium. 
Measurements of FMR by DLW become unreliable as 
final oxygen-18 value approaches background. We ex- 
cluded all blood samples with final oxygen-18 en- 
richments within 8% of background. 
Blood samples were stored in flame-sealed, hepa- 
rinized microhematocrit capillary tubes, and were 
vacuum-distilled to obtain pure water. Isotope levels 
in the water were measured by liquid scintillation 
spectrometry (for tritium) and proton activation anal- 
ysis (for oxygen-18) (Wood et al. 1975) by Ken Nagy, 
University of California, Los Angeles, California, USA. 
Rates of CO, production were calculated with eq. 2 
in Nagy (1980). Water flux rates were calculated from 
eq. 4 in Nagy and Costa (1980). Body water volume 
was estimated from the regression equation: 
body water (ml) = 7.70 + 0.589 (wet body mass, g) 
(P = 0.89, P < 0.0001, n = 27). We dried carcasses of 
adult birds caught in the colony during feeding of 
the chicks to constant weight (Taylor and Konar- 
zewski in prep.). We used this equation to estimate 
the mass of water in the body of each bird at each 
sampling time. ' 
Food consumption.-We collected food samples from 
the gular pouches of adult Dovekies that fed chicks 
in the colony. We assumed that the diet given to the 
chick was the same for adults. The copepod (Calanus 
finmarchicus) made up 8.5% of fresh mass of food (105 
food samples); other crustaceans contributed the rest 
(Weslawski, Konarzewski, and Taylor unpubl. data). 
Field metabolic rates (FMR) were converted from units 
of CO, production to units of energy by the factor 
26.5 Jlml CO,. This factor was calculated from the 
chemical composition of Dovekies' food samples (76% 
water in fresh mass; 36.8% of lipid, 47.9% of proteins, 
and 15.3% of minerals in dry mass [Taylor and Konar- 
zewski unpubl. data]). Energy equivalents for fat and 
protein were from Schmidt-Nielsen (1975). For our 
calculation, we assumed that the proportions of as- 
similated dietary fat and protein were the same as 
their proportions in the diet. We calculated the amount 
of food an adult Dovekie would have to consume to 
satisfy its daily energy requirement (as measured with 
DLW) from the energy content of food samples and 
energy assimilation efficiency. Because there are no 
assimilation efficiency studies of adult Dovekies, we 
used the value of 0.80 obtained in fledglings (Taylor 
and Konarzewski unpubl. data). The food of Dovekies 
contains 28.1 kJ/g dry matter (Taylor and Konar- 
zewski unpubl. data). Thus, with a water content of 
76%, the food contains 6.75 kJlg of wet mass, or 5.3 
kJ metabolizable energy per gram of fresh matter. 
Weather.-Weather conditions during the field ex- 
periments were obtained from the Polish Polar Re- 
search Station, 1 km from the Dovekie colony. Air 
2 C  , 
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Fig. 1. Oxygen consumption rates of Dovekies at 
different ambient temperatures. 
temperatures, horizontal visibility, and wind speed 
were measured every third hour. Precipitation was 
recorded four times daily. For each bird used in the 
field experiment, precipitation and the mean values 
of all of the above weather factors were calculated for 
the period of measurement of field metabolic rate (i.e. 
between the first and second blood sampling). 
Mean values are +SD unless noted otherwise. 
Resting metabolic rate.-The lower critical tem- 
perature, defined as the intersection between 
the RMR line and  the line that describes the 
dependence of metabolic rates on  T,, was 4.5"C 
(Fig. 1). The regression for Dovekies was y = 
2.61 - 0 . 0 5 ~  (y = ml O,.g-'.h-', x = ambient 
temperature; T, range from -20 to  + 1.5OC; n = 
21). Conductance (C) was 0.0630 ml O,.g-'.h-'. 
"C-' (SD = 0.0029, n = 25). The division of the 
points (Fig. I )  into two segments gives the low- 
est residual sum of squares for all points when 
the intersection of these lines falls on  ambient 
teAperature ca. +5OC (as i n  Fig. 1). 
The mean (f SD) resting metabolic rate (RMR) 
of Dovekies at thermoneutrality was 2.42 t- 0.13 
ml O,.g-'.h-' (n = 16) or  177.9 + 9.6 kJ/day 
(Fig. 1). The mean respiratory quotient (RQ), 
within the thermoneutral zone, was 0.75 f 0.02, 
(n = 16), and  body temperature was 40.1 f 0.4"C 
(n = 10). Just after the capture i n  the colony, 
the mean body mass of birds used for RMR 
measurements was 162.3 + 12.2 g. Body mass 
dropped significantly because of starvation be- 
fore metabolic trials (P < 0.0001, t-test), and  
during the metabolic measurements mass av- 
eraged 152.5 k 12.2 g. The latter mean was used 
for calculation of the mass-specific RMR. 
Field metabolic rate.-Field metabolic rate 
(FMR) of free-ranging birds averaged 6.68 ml 
CO,.g-'.h-', or  696.1 kJ/day (Table I). The mean 
body mass of birds i n  FMR measurements was 
164.3 + 9.5 g (n = 13), and  was not different 
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from initial body mass of birds used in labo- 
ratory measurements (P > 0.65, t-test). The FMR/ 
RMR ratio (based on whole-body rates of me- 
tabolism) was 3.9. 
The weather during the study period was 
characterized by high precipitation, fog, and 
strong winds. Mean air temperature was 4.4"C 
(range, 2.6-7.O0C), mean daily precipitation was 
4.1 mm (range, 0-41 mm), and wind speed was 
3.4 m/s (range, 0-18 m/s). According to satellite 
maps, the mean ocean surface temperature was 
2.6 (50 km) and 4.7OC (100 km) between Horn- 
sund and the open sea. 
We analyzed possible dependence of FMR 
(kJ/day) on weather conditions (average hori- 
zontal visibility [km], average air temperature 
["C], average and maximum wind velocity [m/s], 
precipitation [mm]), and body mass. We used 
the body mass as an independent variable to 
avoid statistical problems with analyzing ratios 
such as mass-specific metabolic rates (Blem 1984). 
The wind speed appeared to be the only sig- 
nificant weather factor: 
FMR (kJ/day) = 3.81.W + 17.07.V 
where W = mean body mass (in g; partial re- 
gression coefficient significant at P < 0.0001), 
V = wind speed (m/s, P < 0.05). For FMR, SE 
= 94.7, n = 13. Similar analysis of dependence 
of FMR on body mass change (between the first 
and second blood sampling) and the age of 
chicks was not significant (P > 0.05). 
Water influx rate in Dovekies was 136.6 + 
31.7 ml/day (n = 18) (Table 1). 
Food consumption.-Daily energy expenditure 
in free-ranging birds averaged 696 kJ/day. At 
a metabolizable energy yield of 5.3 kJ/g fresh 
mass of food, the Dovekie must consume 131.3 
g fresh food or approximately 80% of its body 
mass per day. We checked this estimate of feed- 
ing rate by calculating water influx rate, and 
compared this value with the actual influxes 
measured with tritiated water. A mass of 131.3 
g of food, with a water content of 76%, contains 
99.8 ml of water. Metabolic water production 
from oxidation of assimilated proteins and lip- 
ids would provide an additional 0.122 ml water 
per gram of fresh food (conversion factors from 
Schmidt-Nielsen 1975), or 15.7 ml water. This 
yields a tofal of 115.5 ml water when consuming 
131.3 g of food, which is about 15% lower than 
the measured water influx of 136.6 ml water per 
bird (Table 1). 
Basal metabolic rate (BMR) refers to mea- 
surements of resting organisms in a postab- 
sorptive state within their thermoneutral zones 
(Blight and Johnson 1973). Our measurements 
were similar to BMR measurements, but they 
were done under full light conditions. This sim- 
ulated arctic summer conditions. We measured 
resting metabolic rate (RMR) rather than basal 
metabolic rate. Nevertheless we believe our 
measurements are comparable to BMR. 
We used published regression equations (al- 
pha-phase) for nonpasserine birds to predict 
resting metabolic rate (RMR) in Dovekies with- 
in the thermoneutral zone (Lasiewski and Daw- 
son 1967, Aschoff and Pohl1970). For a Dovekie 
(153 g) the measured RMR value was 212% and 
184% of the predicted values. Similar predicted 
values were obtained by Roby and Ricklefs 
(1986) in their study of Least Auklets (Aethia 
pusilla) and diving petrels (Pelecanoides spp.), 
whose ecology is similar to that of Dovekies. 
The RMR value obtained for Dovekies agrees 
with earlier observations (Weathers 1979, Hails 
1983, Ellis 1984), which showed that BMR is a 
function of breeding latitude. Species that breed 
at high latitudes have a higher BMR than those 
in temperate and tropical areas. However, fac- 
tors other than relative size, diurnal phase, and 
climate may contribute to the high RMR in the 
Dovekie. Roby and Ricklefs (1986) and Gabriel- 
sen et al. (1988) suggested that the birds' phys- 
ical activity or their mode of life may influence 
the RMR. Ellis (1984) proposed a close linkage 
between BMR and maximum power output. This 
means that a high field metabolic rate (FMR) 
may correlate with a high RMR. 
We calculated thermal conductance (C) as 98% 
of that predicted by Herreid and Kessel's (1967) 
equation for dead birds (dry conductance) and 
76% of Aschoff's (1981) value (alpha-phase) pre- 
dicted for a 152.5 g bird. After compensating 
for respiratory heat loss (Herried and Kessel's 
equation), we found that the C value in Dove- 
kies was higher than predicted from mass. When 
compared with temperate seabirds of similar 
body size, conductance of Dovekies was low. 
This implies greater insulation than in the 
Georgian Diving Petrel (Pelecanoides georgicus; 
Roby and Ricklefs 1986). The average ambient 
temperature in the Svalbard approached the 
birds' lower critical temperature (T, = 4.5"C), 
which implies that these birds may not be cold- 
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TABLE 1. Rates of body mass change, water influx, and field metabolism of breeding Dovekies in Hornsund. 
Body mass Water influx Metabolic rate Measure- Age of 
Mean Change rate (ml CO,. ment period chicks 
Bird No.' (g) (glday) (mllday) g-'.h-l) kJ/day (days) (days) 
86A 154.3 -2.4 99.1 6.90 677.3 1.06 7 
94A 168.0 -5.8 131.7 7.58 809.6 1.74 11 
94A 159.0 7.8 138.4 8.48 857.4 0.90 16 
94A 162.5 0.0 115.3 4.91 507.3 0.88 17 
94B 167.5 -4.9 131.6 6.43 685.5 1.01 15 
948 162.5 -6.7 133.9 6.10 630.6 1.64 20 
13A 166.0 -4.4 108.6 - - 2.27 12 
138 167.0 -0.5 122.2 6.42 681.5 2.07 16 
45A 160.5 7.7 182.1 8.65 882.6 1.17 11 
18A 188.5 0.8 100.4 5.63 674.5 1.30 12 
85A 158.0 7.3 212.8 - - 1.91 11 
33A 150.5 -4.0 91.2 6.54 625.6 1.25 8 
48A 157.3 4.0 169.4 6.74 673.8 1.88 12 
488 174.3 -1.5 145.7 - - 2.94 16 
84A 173.5 -2.9 128.1 6.64 732.9 1.05 7 
67A 164.5 0.0 128.1 5.83 610.0 1.63 15 
81A 153.5 -1.1 143.2 - - 2.64 15 
RSA 160.0 3.0 176.5 - - 2.01 20 
Mean 163.7 -0.2 136.6 6.68 696.1 
SD 9.0 4.6 31.7 1.06 103.7 
n 18 18 18 13 13 
' A  and B indicate hvo birds of the same pair. 
stressed while on land. However, when for- 
aging at sea, water may compress feathers. This 
increases thermal conductance, and results in 
increased metabolism at the 2-4°C water tem- 
perature. 
The FMR in auks and petrels, is elevated in 
comparison with other seabirds (Birt-Friesen et 
al. 1989). However, auks and diving petrels also 
use their wings for underwater locomotion. Be- 
cause the optimum design of wings is different 
for flying in air and swimming underwater, an 
intermediate stage would involve a loss of ef- 
ficiency in each medium. The wing area of auks 
is approximately 40% that of Procellariiformes 
and 30% below marine larids. Wing length is 
only 60% of Procellariiformes and 50% of ma- 
rine larids (Jouventin and Mougin 1981). The 
same tendency-but carried to extremes-is 
present in penguins, where the wing is pre- 
sumably optimized for swimming (Jouventin 
and Mougin 1981). 
The FMR of Dovekies, corrected for body size, 
is the highest among all seven cold-water sea- 
bird species that use wings for propulsion in 
water (Table 2). The wing area of auks falls in 
the lower extreme of the range of all flying birds 
(Greenwalt 1962). Very low wing area in Dove- 
kies produces high wing loading (the ratio of 
body mass to wing area). The wing loading in 
Dovekies (0.98 g/cm2; Stempniewicz 1982), is 
243% of that predicted for a "typical" bird (Vis- 
cor and Fuster 1987). This, together with the 
presumably high energetic cost of flying long 
distances to feeding areas (Brown 1976), may 
account for high FMR in Dovekies. 
Dovekies as well as Kittiwakes (Rissa tridac- 
tyla'; Gabrielsen et al. 1987) showed increased 
FMR with increased wind speed. There is a neg- 
ative effect of wind speed on the increase in 
body mass and lipid reserves of Dovekie chicks 
(Konarzewski and Taylor 1989). It is unlikely 
that chick growth is directly affected by wind 
because chicks are relatively well protected in 
nest crevices (Konarzewski and Taylor 1989). 
Presumably under windy conditions the FMR 
of adults is altered sufficiently to change the 
chicks' food intake. 
In seabirds the breeding period represents a 
period in which the energy demands upon the 
parent are thought to be at a maximum (Ricklefs 
1983). We found no relationship between adult 
FMR and the age of their chicks 7-20 days of 
age. Food consumption by chicks is relatively 
stable during this period (calculated from water 
influx; Taylor et al. unpubl.). The food con- 
sumption of Dovekie chicks increased only 35% 
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TABLE 2. Field metabolic rates (FMR) of cold-water seabirds that use wings for propulsion in water, measured 
by doubly labeled water during chick-rearing period. 
Observed 
Body FMR vs. 
mass FMR predicted" 
Species (g) (kJ/day) (%) Source 
Least Auklet (Aethia pusilla) 84 358 125 Roby & Ricklefs 1986 
South Georgia Diving Petrel (Pelecanoides 109 464 134 Roby & Ricklefs 1986 
georgicus) 
Common Diving Petrel (P. urinatrix) 137 557 137 Roby & Ricklefs 1986 
Dovekie (Alle alle) 164 696 149 Present study 
Black Guillemot (Cepphus grylle) 381 863 100 Mehlum, Gabrielsen & 
Nagy unpubl. 
Common Murre (Uria aalge) 940 1,871 113 Cairns unpubl. 
Thick-billed Murre (U. lomvia) 1,119 2,080 110 Flint et al. prelim. un- 
publ. data 
-Predicted from the equation of Birt-Friesen et al. (1989) relating FMRs of cold-water seabirds that use hpping Bight to their body weight. 
between days 8 and 14, and it remained stable 
until day 21 (Konarzewski et al. in prep.). The 
lack of dependence of adult FMR on chicks' age 
agrees with data obtained for two species of 
diving petrels (Roby and Ricklefs 1986). 
In many breeding birds, free-living parents 
use energy at 3.1-4.3 times their RMR (Hails 
and Bryant 1979, Bryant and Westerterp 1983, 
Utter 1971, Utter and LeFebvre 1973, Williams 
and Nagy 1984, Nagy et al. 1984, Gabrielsen and 
Mehlum 1989; but see Williams 1988). Drent 
and Daan (1980) proposed a maximum sus- 
tained working level of 4 x RMR during chick 
rearing. Dovekies show the same ratio, despite 
the fact that these birds differ in other ways 
from most species studied in other geographical 
regions. We strongly support Drent and Daan's 
(1980) hypothesis of the maximum sustained 
working level. 
We estimated food consumption from energy 
requirements of free-ranging Dovekies. We cal- 
culated that adult Dovekies eat approx. 131 g 
of plankton daily during chick rearing. This 
includes only the adult needs and excludes food 
given to the young. Based on the water influx 
rate in growing Dovekie chicks, water content 
of their food, and its energetic value (Konar- 
zewski et al. unpubl.), we calculated that a 14- 
day-old chick consumes 51 g fresh plankton 
each day. Food requirements of two adults and 
one chick would total 31 3 g fresh plankton per 
day. There are approx. 70,000 pairs of Dovekies 
in the Miekammen colony (Taylor and Konar- 
zewski unpubl.), and we estimate that the col- 
ony will consume 21.9 tons of C. finmarchicus 
each day. We estimate that approx. 2.1 tons (dry 
matter) of nitrogen-rich guano are added to the 
Hornsund marine and terrestrial ecosystems 
each day. 
The amount of food consumed by adult Dove- 
kies may be even larger. We found that water 
influx calculated from water content of the 
plankton and oxidation of its fat and protein 
was 15% lower than water influx measured with 
DLW. However, the higher measured values 
may be due to the mode of foraging of Dovekies 
(presumably they consume some sea water while 
feeding on copepods). The food is carried by 
the parents in an extensible gular pouch. This 
may allow water exchange because the food is 
in contact with the mucous membrane. 
The Dovekie is the only Atlantic seabird that 
feeds mainly on copepods. The species has a 
high energy demand balanced by high food 
consumption, and may therefore have an im- 
pact on both the marine and the terrestrial eco- 
systems, where it deposits a large amount of 
nutrients. 
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CHICK ENERGY REQUIREMENTS AND ADULT ENERGY 
EXPENDITURES OF DOVEKIES ( A L L E  A L L E )  
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Ilnstitute of Biology, University of Warsaw, Branch in Bialystok, Swierkowa 20 B, 15-950 Bialystok, 
P.O. Box 109, Poland; and 
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ABSTRACT.-We constructed an energy budget for Dovekie (Alle alle) chicks in West Spits- 
bergen by measuring energy metabolism, rate of accumulation of energy in growing tissues, 
and body water turnover rate, the last serving as the basis for energy-consumption calcula- 
tions. The energy budget of a "typical chick" was calculated for chicks measured in 1986 and 
1987. Mass-specific resting metabolic rate in Dovekie chicks peaked at days 7 to 10 and then 
declined considerably. Thermal conductance decreased by 60% between hatching and fledg- 
ing. Energy deposition in growing tissues, resting metabolic rate, and energy consumption 
reached maximum values midway through the fledging period. Chicks examined in 1984 had 
11% lower growth rate than 1986 and 1987 chicks, and their energy deposited in tissues 
between hatching and the age of peak body mass before fledging was 17% lower. Energy 
requirements of Dovekie chicks were much higher than those of other seabird chicks of 
similar body mass. We attribute this to the arctic nesting of Dovekies. We compared energy 
demands of Dovekie chicks with those of adults reported in another study. Despite high 
chick energy demands, energy delivered to the chick by one parent was only 15% of the total 
energy gathered by the parent (to meet both its own and the chick's needs). We suggest that 
this reflects a high cost of foraging in adult Dovekies. Additionally, high energy demands 
of chicks may contribute to the high energy expenditures of adults. This may be a major 
contribution to the restriction of a Dovekie brood to one chick and to the low chick body 
mass at fledging. Received 6 January 1992, accepted 27 M a y  1992. 
THE ABILITY of parents to provide food for 
offspring is generally considered a major factor 
shaping reproductive strategies of birds with 
nidicolous young. Parents should raise the 
greatest possible number of young permitted 
by food availability (Lack 1968) and optimized 
with respect to the trade-off between invest- 
ment in a given broodand probability for future 
reproductive success (Williams 1966, Charnov 
and Krebs 1974). Brood-size reduction is the 
primary means of matching reproductive effort 
to declines in parental foraging capacity. De- 
pression of chick growth rate is a means of fine 
tuning the adjustment. The latter is especially 
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California 90024, USA. 
Current address: Alaska Cooperative Fish and 
Wildlife Research Unit, 209 Irving Building, Univer- 
sity of Alaska Fai:banks, Fairbanks, Alaska 99775, 
USA. 
Current address: Norwegian Institute for Nature 
Research, University of Tromso, c/o Tromso Museum, 
N-9000 Tromso, Norway. 
important in birds that lay small clutches, where 
the integer steps of adjusting clutch size become 
too crude (Ricklefs 1968). The adaptive value of 
growth rate adjustment is based on the as- 
sumption that change in growth rate results in 
sub'stantial change in chick energy require- 
ments, but this assumption has not been con- 
sistently supported (for a recent discussion see 
Klaassen et al. 1992). 
Seabirds have much lower reproductive rates 
than most terrestrial birds (Lack 1968). In many 
seabird species, adults lay one-egg clutches, for- 
age at long distances from their breeding col- 
onies, and-feed their chicks infrequently. Pre- 
sumably, the severely limited ability of adult 
birds to deliver food requires that reproductive 
effort be adjusted to a minimum anticipated lev- 
el, resulting in slow chick growth in most sea- 
bird species (Ricklefs 1983). 
Among seabirds, alcids (family Alcidae) offer 
a good opportunity for comparative studies of 
growth patterns and factors leading to clutch 
reduction. Alcids exhibit three patterns of post- 
hatching development: precocial, semipreco- 
cial, and intermediate. Chicks of intermediate 
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species g o  to sea w h e n  flightless and  weighing 
only about one-quarter of adult mass. Semipre- 
cocial alcids stay i n  the nest much longer, ex- 
hibiting a wide variety of growth patterns (Sea- 
ly 1973). 
In  a n  attempt to shed light o n  w h y  Dovekies 
(Alle alle) lay single-egg clutches and  o n  the  
selective forces shaping their growth pattern, 
w e  studied energy requirements of Dovekie 
chicks. TheDovekie is a small (160-g) planktivo- 
rous alcid that breeds only i n  the  Arctic a n d  
raises a single semiprecocial chick (Birkhead and  
Harris 1985). The growth rate of Dovekie chicks 
is not as low as in  many seabird species, but  at  
fledging they attain only 65 to 70% of adult 
body mass (Stempniewicz 1980, Konarzewski 
and  Taylor 1989). The average nestling period 
is 27 days and  they attain peak nestling body 
mass i n  three-fourths of that time. Then there 
is a slight recession i n  body mass prior to fledg- 
ing, but  chicks continue to grow feathers and  
accumulate macroe lements  i n  the i r  bodies  
(Stempniewicz 1980, Taylor a n d  Konarzewski 
1992). 
We studied energy accumulation and  metab- 
olism, and constructed energy budgets for 
Dovekie chicks. We also compared energy re- 
quirements of chicks with those of their parents 
(reported in Gabrielsen e t  al. 1991). We calcu- 
lated the  energy delivered to  the chick as a ratio 
of total energy gathered by the parent, and  com- 
pared i t  with the  same ratio i n  other  alcid 
species, as  well as with diving-petrels (alcids' 
ecological counterparts i n  the Southern Hemi- 
sphere). Metabolic rates of adult Dovekies feed- 
ing chicks are extremely high (Gabrielsen et al. 
1991), and  w e  attempted to determine to what  
extent the  energy requirements of chicks con- 
tribute to high energy-expenditure rates of 
adults. 
MATERIALS AND ME~HODS 
All chicks used in this study were from the Dovekie 
colony on the southern slopes of the Arie Mount 
(Ariekammen), Hornsund Fjord, West Spitsbergen 
(77"001N, 15'22'E). Marked nests were inspected daily 
at the time of hatching and the ages of chicks, thus, 
were known to within one day. 
Chicks used for the determination of energy con- 
tent in tissues and, hence, energy accumulation with 
growth we& collected in 1984, 1986 and 1987. The 
same chicks also were used for analyses of gross body 
composition (water, petroleum ether-extractable lip- 
ids, lean dry mass) reported in Taylor and Konar- 
zewski (1989). All details of collection methods and 
carcass analysis are given in that paper. 
The dry homogenates from 64 chicks collected in 
1984 and from 19 of 37 chicks collected in 1986 were 
cornbusted in a Berthelot-type adiabatic bomb calo- 
rimeter. Two or three 1-g aliquots from each chick 
were used. Birds represented all developmental stages 
up to the fledging age of 27 days. The regression line 
of energy density on fat content (%) in the dry chick 
carcasses was calculated and used for prediction of 
energy densities of all 1986 and 1987 chicks (these 
chicks were used to calculate energy budget of a "typ- 
ical chick; see Results). Energy density of fresh tissue 
was obtained by correcting the energy density of dry 
material for natural water content. To avoid incon- 
sistency due to different methods of determination 
of energy content of 1984 and 1986-1987 chicks, the 
statistical interyear comparison of chick energy con- 
tents was performed on the values derived from the 
body composition, assuming 1 g fat is equivalent to 
38 kJ, and 1 g of dry nonlipid matter is equal to 20 
kJ. Such energy contents were on average 1% lower 
than those from direct determination. 
The measurements of metabolic rate of the chicks 
were made in 1987 in the Polish Polar Station at Horn- 
sund, 1 km south of the bird colony. Oxygen con- 
sumption and carbon-dioxide production of chicks 
were measured with a flow respirometer "Spirolyt" 
(Junkalor) with a paramagnetic analyzer for 0, and 
diaferrometric for CO,. Chicks were tested in 0.3- to 
1.4-L chambers, depending on chick age and size. The 
rate of air flow through the chamber was set between 
10 and 30 L/h, which produced an increase in CO, 
content in the expired air not exceeding 1.2% that of 
ambient air. The air leaving the chamber passed 
through silica gel to remove water before entering 
the analyzers. The chicks were placed in the chambers 
within 30 min of removal from the nest. Measure- 
ments on one- and three-day-old, largely poikilo- 
thermic chicks were taken at air temperatures in the 
chamber of 25" to 30°C, and 2S0, respectively. Air tem- 
perature measured in the chamber was stabilized 
within k0.5' by submersion of the chamber in a water 
bath. The chambers with older (homeothermic) chicks 
were placed outdoors; hence these measurements were 
performed in 5" to 109 which approximates well the 
range of air temperatures in Dovekie nest crevices 
during chick rearing (Konarzewski and Taylor 1989). 
Trials lasted 1.5 to 2.5 h with gas exchange recorded 
over the last 20 to 30 min. Trials were prolonged when 
birds were excessively active, and some measure- 
ments were excluded from calculations due to chicks' 
restlessness. Body temperature of the chicks was mea- 
sured immediately after each trial with a thermistor 
probe (f O.l°C) inserted 3 to 4 cm into the cloaca. After 
the experiments, all birds were returned to their nests, 
where they were invariably accepted by their parents. 
Body temperatures of other chicks, one to five days 
old, were also measured in the colony immediately 
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after removal from the nest. All measurements were 
taken between 0900 and 2000 local time. 
All gaseous values were converted to standard con- 
ditions (STP). When converting gasometric data into 
energy values, the caloric equivalent of oxygen vol- 
ume was determined independently for each mea- 
surement according to the observed respiratory quo- 
tient. Thermal conductance of chicks (ml O,/[g h OC]) 
was calculated as: 
where VO, is oxygen consumption (ml O,/h), T,  is 
body temperature ("C), T, is ambient temperature ("C), 
and M is body mass (g). 
The energy consumed by cliicks was calculated from 
water-influx rates measured in the chicks in the col- 
ony in 1986 using the tritiated-water method (Lifson 
and McClintock 1966, Nagy and Costa 1980), and 
known water and energy content of food. In the field, 
chicks were injected with 0.4 ml tritiated water (con- 
taining 0.32 mCi tritium) into the pectoral muscle 
using a laboratory-calibrated syringe. We allowed 1 
h for the tritiated water and body water to equilibrate, 
after which each chick was returned to its nest, it was 
weighed to the nearest 0.1 g, and a blood sample (20- 
30 ~ 1 )  was taken from the vein in the foot. Second 
and third blood samples were taken from each chick 
after 12 and 24 h; thus, each chick gave two 12-h 
measurements of water flux rates. Near-fledging chicks 
(25 to 26 days) were bled only once (after 24 h). Two 
background blood samples were taken from unin- 
jected chicks. The blood samples were stored inflame- 
sealed, heparinized microhematocrit tubes, and were 
vacuum-distilled to obtain pure water. The water was 
assayed for tritium activity by liquid-scintillation 
spectrometry. Water efflux and influx were calculated 
using equations 4 and 6, respectively, of Nagy and 
Costa (1980). The volume of water (TBW, ml) in the 
body of each bird at each sampling time was estimated 
from regression equations calculated from raw data 
of Taylor and Konarzewski (1989), relating TBW to 
live wet mass (M, g) in chicks collected in 1986 and 
1987. These data were obtained by drying chicks to 
constant mass. For young chicks (4 to 13 days of age), 
TBW = 3.12 + 0.6485 M (2) 
(SE = 0.97, r2 = 0.997, P < 0.001, n = 47), and for older 
chicks (19 to 27 days), 
TBW = 15.79 + 0.491 M (3) 
(SE = 1.91, r2 = 0.842, P < 0.001; n = 35). 
Dovekie chicks do not drink; hence, water influx 
(W,, mllday) is from water in food (W,, mllday) and 
metabolic-water production (W,, mllday): 
w, = w, + w,. (4) 
The amount of water in the food equals the fresh 
mass of the food (M,, g) times the fraction of water 
in the food (F,, dimensionless): 
The estimated metabolic-water production (water from 
food catabolism) was corrected for lipid and lean-dry- 
mass (mainly protein) change in growing tissues, as- 
suming that the food fraction that is not catabolized 
but allocated toward body-mass growth yields no 
metabolic water. When body mass decreases, as in 
chicks near fledging (days 25-26), the correction adds 
the water from body-tissue catabolism. 
where Ed is energy density of fresh food (kJIg), E, is 
food assimilation efficiency (dimensionless), C is a 
conversion factor (ml H,O/kJ metabolized), AM, and 
AM, are tissue-lipid and protein mass changes (gl 
day), respectively, H, and H,  are the metabolic-water 
yields (ml/g) of these tissues. The values used are: Fw 
= 0.76, Ed = 6.75 kJlg, and E, = 0.80 for Dovekie chicks' 
food (Taylor and Konarzewski 1992); C = 0.026 ml 
H,O/kJ (Schmidt-Nielsen 1990:333). Lipid and pro- 
tein (lean dry mass) changes in growing chicks in 
1986 and 1987 are from Taylor and Konarzewski (1989). 
H, and H, were assumed to be 1.07 and 0.50 ml H,O/g, 
respectively (Schmidt-Nielsen 1990:333). The values 
from equations (5) and ( 6 )  were substituted in (4), and 
the latter was solved for food intake (M,), which was 
converted to energy units. 
To calculate water flux with the tritiated-water 
method, several assumptions are required (Nagy and 
Costa 1980). The most critical of these for growing 
animals is that tritium labels body water only. The 
incorporation of tritium into newly synthesized tis- 
sue would cause an overestimate of water-flux rates, 
because the specific activity of tritium in body water 
would decline owing to isotope binding as well as 
water influx, assuming that the binding occurs after 
the7initial bleeding. If 10% of the decline in tritium- 
specific activity in our chicks during the 24 h after 
initial sampling was due to the incorporation of tri- 
tium, our values of water influx and food consump- 
tion might be overestimated by up to 16%. However, 
there are four reasons to expect that the values are 
not overestimated. First, the preliminary validation 
experiment by Gabrielsen et al. (1992) showed a very 
good agreement between food consumption calcu- 
lated from water influx measured by the tritiated- 
water method and simultaneous direct determination 
of the amount of food consumed by Kittiwake (Rissa 
tridactyla) chicks. Second, two independent estimates 
of food consumption for the same Gentoo Penguin 
(Pygoscelis papua) chicks, derived from water- and so- 
dium-influx rates (using tritiated water and "Na), were 
within 2% of each other (Robertson et al. 1988). Third, 
incorporation of tritium was estimated as only 0.1% 
of the total administered dose in nestling Glaucous- 
winged Gulls (Lams glaucescens; Hughes et al. 1987), 
and less than 2% in Chukar chicks (Alectoris chukar; J. 
B. Williams in Williams and Nagy 1985). Fourth, the 
23 I I I I I 
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Fat content (% dry) 
Fig. 1. Relationship between energy density and 
fat content in dry body mass in Dovekie chick. SE is 
standard error of estimate. 
most convincing argument that our values of food 
consumption are not overestimated comes from the 
inspection of the Dovekie chick energy budget itself. 
The assimilated energy, calculated from food con- 
sumption vla the tritiated-water method, is exactly 
equal to (and cannot be lower than) the sum of in- 
dependently measured resting metabolic rate and the 
rate of energy accumulation in growing tissues at the 
age of maximum body-mass growth rate (i.e. when 
probability of tritium incorporation into newly syn- 
thesized tissue is highest). 
The relationship between the chicks' body mass 
I 0 
0 5 10 I5 20 25 30 i c Age (days) Fig. 2. Changes in energy content of Dovekie chicks with age. Relationships described with poly- 
I nomials. 
I 
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and age until the age of peak body mass was described 
by the Richards curve (Nedler 1962) fitted to the data 
using a weighted least-square method and the Mar- 
quardt algorithm (Bevington 1969). Richards growth 
curves were compared with an F-test (White and Bris- 
bin 1980). 
Energy content of tissues.-We found a highly 
significant dependence of energy density upon 
fat percentage in dry body mass of Dovekie 
chicks (r2 = 0.96, Fig. 1). This enabled us to 
accurately estimate the energy density and, thus, 
total energy content of all 1986 and 1987 chicks. 
Energy content of chicks differed among the 
three study years (Fig. 2). Energy content of 
1984 chicks was significantly lower in the linear 
portion of its dependence on chicks' age (days 
9 to 19) as revealed by ANCOVA followed by 
the Tukey test (P < 0.05). Energy contents of 
1986 and 1987 chicks did not differ at theseages 
(P > 0.05). At the same time there were no 
differences among the slopes of three lines (P 
> 0.10). The maximum energy content, achieved 
on days 19 to 23 (the age of maximum body 
mass throughout nestling period) was also sig- 
nificantly lower in 1984 chicks than in 1986- 
1987, with no difference between 1986 and 1987 
(ANOVA, Tukey test at P = 0.05). Lower energy 
content of 1984 chicks was due to lower fat 
content, as there was no difference in lean dry 
mass of chicks among years (Taylor and Kon- 
arzewski 1989). Energy contents of 1986 and 
1987 chicks were lumped and used for further 
basic calculations of energy budget. Energy 
content of chicks decreased before fledging (Fig. 
2) together with a decline in body mass and 
mass of fat (Taylor and Konarzewski 1989). 
Metabolic rates.-Dovekie chicks are poikilo- 
thermic until day 5 (Konarzewski and Taylor 
unpubl. data). Body temperature in one- to five- 
day-old chicks measured immediately after their 
removal from the nest, usually from under a 
brooding parent, was 38.4 + SD of 0.7"C (n = 
49). The regression of body temperature on age 
was not significant (P > 0.05). There were no 
significant differences in body temperatures be- 
tween chicks examined in the colony and used 
in metabolic trials on their first and third days 
of life (Table 1; t-test, P > 0.05). This means 
that air temperature in the metabolic chambers 
was similar to operative temperature experi- 
enced by young chicks during brooding. The 
conditions within the metabolic chamber also 
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TABLE 1. Body temperature, oxygen consumption, respiratory quotient (RQ), and thermal conductance in 
Dovekie chicks of various ages; means f SD. All parameters measured at ambient temperatures of 25" to 
30°C in one-day-old chicks, at 25" in three-day-old chicks, and within range of 6" to 11" in older chicks. 
Body Body Oxygen 
mass temperature" consumption 
(9) ("C) (mgl[g hl) 
22.4 f 2.4 38.0 f 0.7 2.46 _+ 0.35 
31.6 f 3.8 38.9 f 0.4 3.11 f 0.35 
69.8 k 9.3 39.2 f 0.5 4.38 f 0.25 
103.2 f 14.7 39.7 f 0.3 3.86 f 0.25 
124.6 f 13.1 39.7 f 0.3 3.06 k 0.27 
115.3 f 9.8 39.8 f 0.3 3.13 f 0.29 
Thermal 
conductance 
(ml 02/[g h "CI) 
- - ~- -- 
' Measured after metabolic trial 
*Thermal conductance, as percent of value predicted from Aschoff's equation (1981) for adult nonpasserine birds of same body mass during 
act~vtty tlme, given In parentheses. 
approximated the natural thermal environment 
of older, homeothermic chicks. Dovekies nest 
in crevices in talus. The chick, even when not 
brooded, is well protected against wind and 
solar radiation. 
Mass-specific resting metabolic rate peaked 7 
to 10 days posthatch; then it declined consid- 
erably to days 20 to 22, and changed little up 
to fledging (Table 1). The respiratory quotient 
(RQ) averaged 0.74 in 7- to 22-day-old chicks 
and decreased in near-fledging chicks. Thermal 
conductance decreased continuously with age 
and dropped 60% between hatching and fledg- 
ing (Table 1). 
Metabolic rates and energy contents used for 
construction of energy budget were not mea- 
sured in the same chicks, but body masses of 
chicks of these two groups did not differ. There 
was no difference between two Richards curves 
relating body mass to the age of chicks (up to 
the peak of body mass, day 21) fitted to the two 
data sets (P > 0.20). The parameters of the Rich- 
ards growth curve fitted to the lumped data, as 
well as body masses of chicks in consecutive 
days, calculated from the curve, are given in 
the Appendix. Mean maximum growth rates, 
calculated as the instantaneous growth rate at 
the point of inflection (i.e. day 8) of the Richards 
curve (Nedler 1962, Hussell1972) was 7.5 g/day, 
similar to that measured in other years in the 
same colony by other authors: 7.7 and 7.1 g/day 
in 1963-1964 and 1974-1975, respectively (Nor- 
derhaug 1980, Stempniewicz 1980). 
Chrcks' energy budget.-Resting metabolic rates 
reached maximum values on days 16 and 17 
(Fig. 3). The rate of energy deposition in grow- 
ing tissues calculated from the curve in Figure 
2 (1986-1987) increased gradually after hatch- 
ing, peaked only a few days earlier than resting 
metabolic rate, dropped in the next few days 
and became negative prior to fledging (Fig. 4). 
Thus, the sum of these two parameters, being 
the rate of resting energy assimilation (not in- 
cluding costs of activity of chicks) (A,) reached 
its peak on day 14 (Fig. 4). This is exactly mid- 
way through the nestling period, as chicks 
fledged on average on the 27th day after hatch- 
ing (Stempniewicz 1980, Konarzewski and Tay- 
lor unpubl. data). The energy deposited in tis- 
sues between days 1 and 21 (i.e. when deposition 
rate was positive) amounted to 1,254 kJ and con- 
stituted 29% of the A,. The total A, was 4,258 kJ 
by day 21. 
We assumed that the cost of biosynthesis is 
one-third the rate of energy accumulation 
Age (days) 
Fig. 3. Resting metabolic rate of Dovekie chicks 
as function of age. Curve is a polynomial. See Meth- 
ods for ambient temperatures. 
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Age (days) 
Fig. 4. Energy budget of a typical Dovekie chick. 
Circles represent energy consumed by chick as cal- 
culated from water-influx rates. Squares represent to- 
tal energy-assimilation rate (A,), calculated as the con- 
sumption rate multiplied by the assimilation 
coefficient. A, is resting assimilation rate (not includ- 
ing activity costs), equal to resting metabolic rate plus 
accumulation rate. A, is equal to A. between days 1 
and 15. Resting metabolic rate is partitioned into 
maintenance costs and costs of synthesis of body tis- 
sue. 
mass change in chicks derived from the Rich- 
ards growth curve mentioned above. These 
body-mass changes in chicks and regressions in 
Table 2 gave adjusted water-influx rates in chicks 
as a basis for calculation of food consumption 
(Table 2). The maximum rate of energy con- 
sumption occurred at the same age as did the 
maximum A,, at the midpoint of the fledging 
period (Fig. 4, Table 2). The abrupt drop in con- 
sumption after day 21, accompanied by a re- 
cession in body mass and energy content of 
tissues (Fig. 2) is caused by cessation of chick 
feeding by the female parent; the chick is fed 
only by the male at that time (Taylor and Kon- 
arzewski in prep.). 
We also estimated the total assimilated en- 
ergy (A,; Fig. 4) by multiplying energy con- 
sumed by 0.80, the energy assimilation efficien- 
cy in Dovekie chicks (Taylor and Konarzewski 
1992). The energy deposited in tissues up to day 
21 constituted 26% of the A, at that time. The 
difference between A, and A, is approximately 
the energy expended in activity. The estimated 
costs of activity were negligible over the first 
half of the nest period and attained 32% of A, 
(48% of resting metabolic rate) in 21-day-old 
chicks (Fia. 4). 
. - .  
(Ricklefs 1974). Maintenance energy is the rest- The mean body-mass growth rate 
ing metabolic rate minus the cost of biosynthe- was 6.7 g/day in 1984, 11% less than in 1986- 1987, and the two growth curves differed sig- 
sis. Maintenance energy constituted 60% of A, 
nificantly (P < 0.01). The total energy deposited 
over the chick's first 21 days of life. in tissues by the chick between 1 and 21 days Figure 4 also presents the energy consumed 
of age in 1984 (calculated from lower curve in by chicks calculated from water-influx rates. 
In all age classes except fledglings, the water- Fig. 2) was 17% lower than in 1986-1987. 
influx rate was significantly correlated with DISCUSSION 
body-mass change (Table 2). To unify energy 
consumed by chicks calculated from water in- Energy budget of chick.-A comparison of the 
flux with the data on resting metabolic rates rates of energy assimilation minus the costs of 
and energy content of tissues, we used body- activity (A,) in seabird chicks of similar body 
TABLE 2. Water influx rates and estimated food consumption of Dovekie chicks. 
Mean body Water influx (WI, mllday) vs. body-mass Food 
mass (g) change (BMC, glday) g;s consumption 
Age (days)" f + SD (n)b Equation F r2 SE n (mllday) glday kJlday 
7-9 67.9 +. 6.8 (10) WI = 24.0 + 1.235 BMC 0.01 0.37 10.0 17 33.2 38.8 262 
13-15 94.7 f 8.6 (9) WI = 37.9 + 1.290 BMC 0.0001 0.68 13.0 18 44.7 51.5 348 
20-22 126.1 +. 9.3 (9) WI = 45.2 + 0.848 BMC 0.005 0.44 12.8 18 44.3 49.2 332 
25-26 118.5 +. 8.7 (10) WI = 13.7' 1.2 10 13.7 12.7 86 
 - 
' 20-22 days is'age of peak body mass in nest; Dovekte chicks fledge on average on day 27 after hatchlng 
* n is number of chicks. 
Sign~hcance level of regression slope (I-test). 
" See text. 
' Mean value, regresson not sign~ficant (P -' 0.4). 
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mass reveals that A, of Dovekie chicks is one of 
the highest (Fig. 5A). This can be partially at- 
tributed to their very high cost of growth (en- 
ergy-accumulation rate in growing tissues plus 
cost of biosynthesis), the highest among all spe- 
cies shown in Figure 5, which results from the 
combination of a rather high body-mass growth 
rate and high rate of fat deposition. Of the total 
accumulated energy in Dovekie chicks between 
days 1 and 21,58% is in the form of fat (Taylor 
and Konarzewski 1989). 
The high cost of maintenance similarly con- 
tributes to high A, and to interspecific differ- 
ences (Fig. 5B). Maintenance costs comprise 
"basal" costs (within thermoneutral zone), the 
costs of thermoregulation, and the calorigenic 
effect of food. High costs of thermoregulation 
in Dovekie chicks may be one of the causes of 
their high maintenance costs, as air tempera- 
tures in Dovekie nest crevices during chick de- 
velopment range between 3.6"and 1 1.l0C (mean 
= 6.5"; Konarzewski and Taylor 1989). The high 
costs of maintenance in Dovekie chicks are not 
caused by the poor insulative value of their 
down; thermal conductance of homeothermic 
chicks was not higher than 123% of the minimal 
conductance of adult nonpasserine birds of the 
same body mass (Table 2), and the conductance 
we obtained in our chicks was not always min- 
imal. Different costs of thermoregulation alone 
cannot explain the differences in cost of main- 
tenance in chicks shown in Figure 5B. Chicks 
of the two species of diving-petrel have much 
lower costs of maintenance, despite living in 
similar ambient temperatures (Roby 1991). 
Moreover, costs of thermoregulation might be 
of limited significance even in small polar birds, 
as they accounted for only 30% of maintenance 
costs in Arctic Tern chicks (Klaassen et al. 1989). 
On the other hand, estimated maintenance costs 
are lower in Least Auklet chicks than in the 
closely related Dovekie due to the correction 
for parental brooding made for Least Auklet 
chicks even close to fledging when calculating 
their energy budget (Roby 1991). Brooding was 
considered in Dovekie chicks only when youn- 
ger than seven days (Norderhaug 1980). Even 
fledgling Least Auklet nestlings are attended 
by parents at night, while Dovekie chicks are 
fed 24 h a day in continuous light of Arctic 
summer (Stempniewicz and Jezierski 1987). It 
is also possible that presumably high metabolic 
rates in thermoneutrality bring about high cost 
of maintenance in Dovekie chicks. Basal met- 
Body mass (g) 
Fig. 5. Energy expenditures of Dovekie chicks and 
other seabird chicks of similar body mass: Arctic Tern 
(Sterna paradisaea; Klaassen et al. 1989); Common Tern 
(S. hirundo) and Sooty Tern (S. fuscata; Ricklefs and 
White 1981); Least Auklet (Aethia pusilla), South Geor- 
gia Diving-Petrel (Pelecanoides georgicus), and Com- 
mon Diving-Petrel (P. urinatrix; Roby 1991). (A) Rates 
of resting energy assimilation (A,; see Fig. 4 and text 
for definition); (B) Costs of maintenance (resting met- 
abolic rate minus cost of biosynthesis). 
abolic rates of adult birds from high latitudes 
generally exceed those of species from lower 
latitudes (Weathers 1979). The basal metabolic 
rates of adult Dovekies are equal to 212% of the 
rate expected for bird species of the same body 
mass (Gabrielsen et al. 1991), while the same 
figures in adult Least Auklets, South Georgia 
Diving-Petrels, and Common Diving-Petrels are 
191, 156, and 150%, respectively (Roby and 
Ricklefs 1986). Klaassen and Drent (1991) also 
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I showed a positive correlation between resting 
metabolic rates in hatchlings and latitude. 
Energy expended on activity is rather small 
in Dovekie chicks when compared with that 
expended by other bird species (Dunn 1980), as 
the chicks usually remain inactive in their nest 
crevices (pers. observ.). The highest estimated 
costs of activity, which occur on about day 21, 
result from chicks exercising their wings at the 
entrance of the crevice, an activity that starts at 
the age of 15 days (Stempniewicz 1981, and our 
own observations). Despite low activity costs, 
the consumed and assimilated energy is rela- 
tively high; the peak assimilated energy (max- 
imum A,) is 31% higher than that predicted for 
a chick of the same mass and age at fledging 
(from equation 14 by Weathers 1992). 
The difference between Dovekie-chick en- 
ergy requirements (measured in absolute val- 
ues) and those of other seabird chicks is greatest 
at older ages (Fig. 5A). This large difference may 
contribute to the fact that, in contrast to all other 
species shown in Figure 5, Dovekie chicks attain 
only 65 to 70% of adult mass at fledging. High 
maintenance costs that increase with age (Fig. 
5B) and appearance of activity costs at older age 
in Dovekie chicks (Fig. 4), combined with a high 
energy cost of foraging in adult Dovekies (see 
next section), may explain the arrest in growth 
of Dovekie chicks well before attaining adult 
body mass. At the age of maximum growth and 
maximum consumption (day 14, Fig. 4), the 
chicks ingest 5.9 g proteinlday (as calculated 
from composition of their food; Taylor and 
Konarzewski 1992), and they accumulate 1.7 g 
lean dry mass (mainly protein) per day (Taylor 
and Konarzewski 1989). At the same time the 
amount of fat ingested (4.5 glday = 178 kJIday) 
is sufficient to meet combined costs of mainte- 
nance and biosynthesis (188 kJ/day). The di- 
etary surplus of protein may be metabolized to 
meet maintenance costs, and the energy saved 
may be stored as fat. At that age growth of chicks 
is not limited by the amount of energy or by 
protein delivered by parents. After day 14 fur- 
ther increase in metabolic costs with no increase 
in energy consumed is accompanied by a slow- 
ing down of the rate of increase in body mass, 
until it reaches zero on day 21 (Fig. 4). 
Taking into account the relatively high met- 
abolic rates of Dovekie chicks, it might be ex- 
pected that the chicks are vulnerable to food 
shortages (e.g. during inclement weather). In 
fact, there was significant correlation between 
several weather parameters and body mass in 
1984 chicks at the age of their maximum energy 
requirements (Konarzewski and Taylor 1989). 
In 1984 chicks, an obvious reduced rate of in- 
crease or even a decline in the relative amount 
of fat was observed at the beginning of the pe- 
riod of peak energy requirements; also, the fat 
contents, energy densities, and body masses of 
older 1984 chicks were significantly lower than 
in 1986 and 1987 (Fig. 2; Taylor and Konar- 
zewski 1989) resulting in lower total energy 
deposited in tissues by the age of peak body 
mass (Fig. 2). All were linked with unfavorable 
weather in the Hornsund area in 1984. Nev- 
ertheless, this does not indicate that Dovekie 
chicks suffer food shortages, as all individuals 
measured in the three seasons had a substantial 
surplus of fat and the interfeed intervals were 
not unusually long (Taylor and Konarzewski 
1989). 
Comparison of energy requirements of chick and 
adult.-High chick energy demands might be 
expected to contribute to very high energy ex- 
penditures of feeding parents. However, the 
energy delivered to the chick by one parent is 
only 15% of the energy gathered by the parent 
to meet both its own and its chick's require- 
ments (Table 3). This calculation is based on the 
period between days 8 and 21, when the chick 
is no longer brooded by its parents and is still 
fed by both parents (Taylor and Konarzewski 
in prep.). Parents do not share equally in feed- 
ing over this time; 64% of meals are delivered 
to the chick by the female (Taylor and Konar- 
zewski in prep.). The average adult field met- 
abolic rate (FMR) used for calculation included 
both sexesand wasa mean weighted for feeding 
frequency, as the capture of birds feeding their 
chicks for FMR determination was proportional 
to their individual feeding frequency (Gabriel- 
sen et al. 1991). Because there is no difference 
in food load mass and food composition be- 
tween sexes (Taylor and Konarzewski in prep.), 
and adult FMR should be proportional to the 
number of foraging trips, the ratio should be 
close to 15% for both sexes. 
The proportion of total energy gathered by 
parents that is delivered to the chick is similar 
in the other alcid studied, the Least Auklet, and 
in two species of diving-petrels (Table 3). Roby 
and Ricklefs (1986) noted that the proportion 
of energy delivered by European Starlings to 
their five-chick brood was three to four times 
higher than that in Least Auklets and diving- 
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TABLE 3. .Proportion of energy gathered by alcids, diving-petrels and European Starlings delivered to their 
chicks during period of peak chick food demands.' 
Proportion 
Food of energy 
Adult Adult Adult delivered delivered 
body FMRb energy to chicks to chicks 
mass Brood (ml CO,/ consumptionc (kJ/ [adult (%; 100 B /  
Species (9) size [g hl) (kJ/day; A )  day]; B) [A + Bl) 
1 European Starling (Sturnus 
vulgaris) 76 5 6.18 450 460 50 
2 Least Auklet (Aethia pusilla) 84 1 6.69 465 97 17 
3 South Georgia Diving-Petrel 
(Pelecanoides georgicus) 109 1 6.53 602 123 17 
4 Common Diving-Petrel (P. 
urinatrix exsul) 137 1 6.34 723 101 12 
5 Dovekie (Alle alle) 164 1 6.68 904 162 15 
6 Black Guillemot (Cepphus 
gr~lle) 381 2 3.63 1121 525 32 
"Sources: (1) Ricklefs and Williams (1984). Westerterp (1973); (2.3.4) Roby and Ricklefs (1986). Roby (1991); (5) Gabrielsen et al. (1991). present 
study; (6) F Mehlum. 6 .  W. Gabrielsen and K. A. Nagy (unpubl. data), Asbirk (1979; chicks' food consumption), Cairns (1987; energy density of 
food). 
Vield metabolic rates in birds feeding chicks measured by doubly-labeled-water method. 
' Calculated from FMR, assuming 0.67 energy-assimilation coefficient in European Starlings (Ricklefs and Williams 1984) and 0.77 in all others 
(Jackson 1986, Davis et al. 1989). 
petrels rearing a single chick, although mass- 
specific field metabolic rates and body masses 
of all these birds were similar (Table 3). This 
means that seabirds are less efficient at deliv- 
ering energy to the nest per unit energy ex- 
pended. These authors suggested that one-chick 
broods of auklets and diving-petrels are a con- 
sequence of the high energy costs of foraging 
and transporting chick meals. 
The case of the Dovekie supports this sup- 
position, especially as its mass-specific field 
metabolic rate while feeding chicks is the high- 
est among all birds mentioned above, despite 
its larger body mass (Table 3). In another study 
(Gabrielsen et al. 1991), we associated high met- 
abolic costs of adult Dovekies with high costs 
of flight and their off-shore mode of foraging. 
Foraging Dovekies are observed as far as 150 
km from the colonies (Byrkjedal et al. 1974, 
Brown 1976, but see Hartley and Fisher 1936). 
Both auks and diving-petrels utilize their wings 
for flying and propulsion under water. The lat- 
ter is associated with strong selection for small 
wings and very high wing loading (i.e. ratio of 
body mass to wing area; Warham 1977, Pen- 
nycuick 1988), which in turn increases the en- 
ergy cost of flying. The Black Guillemot, an al- 
cid that usually raises two chicks, is able to collect 
more food. The proportion of energy delivered 
to chicks by Black Guillemots is twice that of 
Dovekies, despite a much larger body mass of 
the former species (Table 3); the proportion of 
acquired food that is allocated to a single nest- 
ling should decrease with an increase in body 
mass of the parent (Walsberg 1983). However, 
Black Guillemots always obtain food for chicks 
inshore in shallow water (Asbirk 1979, Cairns 
1987). The proportion of energy delivered to 
chicks by Black Guillemots is even higher than 
that given in Table 3 when calculated using 
chick food consumption rates reported by Cairns 
(19:7) and/or field metabolic rates of adult birds 
measured by Gaston et al. (in Roby and Ricklefs 
1986). The proportion of energy delivered to 
chicks by Dovekies is very similar to that in the 
Least Auklet (higher food consumption in 
Dovekie chicks is associated with higher con- 
sumption in adults; Table 3). However, Least 
Auklet chicks attain 108% of adult body mass 
at fledging (Roby and Brink 1986), while Dove- 
kies fledge at only 65 to 70% of adult body mass, 
although at the same age (Norderhaug 1980, 
Stempniewicz 1980, Konarzewski and Taylor 
1989). This difference in the growth pattern also 
may be associated with foraging range, as Least 
Auklets normally forage within 5 to 10 km of 
the colony (Hunt et al. 1978). 
Summarizing, we suggest that the low allo- 
cation to chicks of the total food collected by 
adult Dovekies reflects the adults' high cost of 
foraging (unproductive time and energy ex- 
pended to fly between breeding colony and dis- 
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I tant foraging areas, combined with high cost of flight itself). In  addition, high chick demands 
at older ages may contribute to the  high energy 
expenditures of adults. This may explain i n  large 
part the  restriction of Dovekie brood size to one 
chick and  the relatively low chick mass at  fledg- 
ing compared with adult mass. 
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APPENDIX. Parameters of Dovekie chick's energy 
budget. 
Body 
mass 
(g)= 
21.9 
26.1 
31.0 
36.5 
42.6 
49.2 
56.3 
63.7 
71.2 
78.7 
85.9 
92.6 
98.9 
104.5 
109.4 
113.7 
117.3 
120.3 
122.9 
124.9 
126.6 
Increment Resting 
Energy in tissue metabolic 
content energy rate 
(kJ)b (kJ/dayP (kJ/dayId 
123.6 50.3 24.5 
172.4 46.4 30.7 
217.4 44.4 44.4 
262.1 45.7 62.3 
309.4 49.4 82.1 
361.3 54.7 102.0 
419.1 61.0 120.7 
483.4 67.6 137.4 
554.2 73.9 151.8 
631.1 79.5 163.6 
712.9 83.9 173.0 
798.5 86.7 180.1 
885.8 87.6 185.2 
973.1 86.3 188.6 
1,058.0 82.8 190.6 
1,138.0 76.7 191.6 
1,210.7 68.1 191.7 
1,273.6 57.0 191.1 
1,324.1 43.4 189.9 
1,359.9 27.5 188.2 
1,378.6 9.4 185.9 
1,378.2 -10.5 183.1 
1,357.0 -32.1 179.7 
1,313.6 -54.9 175.7 
1.247.0 -78.5 171.2 
1.156.6 -102.3 166 5 
1,042.5 -125.8 162.1 
' Calculated from Richards growth curve 
W ( t )  = A l { l  + h exp[-k(t - t,)]I1,*, 
where A is asymptote, k is growth rate, t is age, t, is inflection point, 
and h is factor determining shape of growth curve. Valuer were: A of 
133.5; k of 0.236; t. of 8.66; and A of 1.154. 
*From the 1986-1987 curve in Figure 2. 
For example, value for day 15 calculated as day 15.5 minus day 14.5 
" From curve in Figure 3. 
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Abstract.-We used the doubly-labeled water technique to measure the field metabolic rate (FMR) of 
free-ranging adult Black Guillemots (Cepphw grylle) during the chick-rearing period. The FMR was 3.63 k 
0.74 ml CO, g' h-', equivalent to a daily energy expenditure of 860 a 175 kJ d-'. The FMR was 3.17 times 
the resting metabolic rate (RMR) measured in a previous study at the same locality. This FMRIRMR ratio is 
below the maximum sustained working level (4 x basal metabolic rate) proposed earlier for birds in general. 
In contrast to most alcid species, the Black Guillemot has a brood of two and is an inshore forager during 
the breeding season. Because of high costs of flight, offshore feeding would implicate an FMR in excess of 4 
x BMR in this species. During chick rearing, adult Black Guillemots must consume ca. 232 g of fresh fish per 
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Most alcid species normally feed 
offshore during the breeding season. 
However, the Black Guillemot (Cepphus 
grylle), like its two Northern Pacific con- 
geners, the Pigeon Guillemot (C. columba) 
and Spectacled Guillemot (C. carbo), is 
mainly an inshore feeder during the 
breeding season. Two-egg clutches are 
common in these species and the young 
are fed in the nest by their parents until 
fully grown at an age of 30-40 days. Four 
other Pacific alcids (Synthliboramphus spp.) 
produce two-egg clutches, but their chicks 
are fully precocial. All remaining alcids 
produce single-egg clutches. In these 
species, chicks of the larger murre species 
(Uria spp.) and Razorbill (Alca torda) fledge 
when they are only 15-35 % of adult body 
mass (Gaston 1985a). The early-fledging 
strategy adopted by these species is be- 
lieved to result from the inability of adults 
to provide enough food for their growing 
young (Ydenberg 1989). 
Brood size in alcids is probably deter- 
mined by the number of young that par- 
ents can feed (Nettleship 1972, Lloyd 
1977, Harris 1978, Summers and Drent 
1979, Birkhead and Harris 1985). It is a 
generally accepted theory that there is a 
trade-off between reproductive invest- 
ment and adult survival in birds (Stearns 
1976, 1977); i.e., a high energy expendi- 
ture in raising a two-chick brood may re- 
duce the life expectancy of the parents. As- 
bir! (1979) found that adult Black Guil- 
lemots raising 1-2 chicks had significantly 
lower survival rate than adults laying two 
eggs but raising no chicks. However, he 
did not find a significant difference in 
adult survival between those raising one 
chick and those raising two chicks. Daily 
energy expenditure (DEE) is a measure of 
the investment in reproduction by breed- 
ing birds. Drent and Daan (1980) 
suggested that there is a certain 
"maximum sustained working level" for 
adult birds feeding young, and indicated 
that this level is about four times the basal 
metabolic rate (BMR). New information is 
now available for several seabird species 
which supports this hypothesis of a 
maximum sustained effort of about 4 x 
BMR (Cabrielsen et al. 1991), although 
some studies have shown that breeding 
seabirds exceed this metabolic intensity 
(Peterson et al. 1990). 
The Black Guillemot is a common sea- 
bird in the European arctic region, includ- 
ing the Svalbard area (Mehlum 1989). It 
breeds all along the coasts of the archi- 
pelago and is an important avian predator 
on fish in coastal waters. Because the Black 
Guillemot differs from other palearctic al- 
cids in producing a two-egg clutch, it rep- 
resents an opportunity to compare its 
energetic investment in reproduction with 
alcids rearing a single chick. In this inshore 
feeder, the higher energy demand of rear- 
ing a two-chick brood may be compensated 
for by less energetic investment in flight 
between foraging areas and colonies. Black 
Guillemots are known to forage within a 
few kilometers of the breeding colonies 
(Cairns 1987a,b). The energetic cost of 
flapping flight is high (reviewed in Ellis 
1984) and, compared to other seabirds of 
similar mass, alcids have reduced wing 
span and wing area (Pennycuick 1987). 
Thus, we believe that long distance forag- 
ing by alcids raising two-chick broods such 
as the Black Guillemot may be too energy 
demanding and may exceed their maxi- 
mum sustainable working level. 
In this paper, we measure the field 
metabolic rate of adult Black Guillemots 
during chick rearing and estimate the daily 
food consumption required to maintain 
energy balance in these birds. We also in- 
vestigate the hypothesis that Black Guil- 
lemots are restricted energetically in their 
foraging range and that this has influ- 
enced their breeding strategy. 
Field studies were conducted during the periods 
20-24 July 1985 and 16-22 July 1987 at a small island, 
Juttaholmen, in Kongsfjorden, Svalbard (79 ON. 12 
"E, where 30 - 40 pairs of Black Guillemots breed. 
The climate is high arctic with maximum air temper- 
atures in July. The mean ambient air temperatures 
during the two field seasons were 7.8 "C (range 5.0 - 
13.5 "C) in 1985, and 6.1 "C (range 3.8 - 10.6 "C) in 
1987. Precipitation averaged 0.3 and 2.4 mmld-' and 
wind speed 2.8 ms-' and 3.0 ms-', respectively, in the 
two periods. 
Most birds were caught in mist nets or with a net 
gun (Coda Enterprises) during flights to and from 
the nest. Some birds were caught by hand in the nest 
cavity. All of the birds we studied were breeding and 
had young aged less than 10 days. 
We measured field metabolic rate (COP produc- 
tion) and water flux of free-ranging birds by applying 
the doubly-labeled water (DLW) technique (Lifson 
and McClintock 1966, Nagy 1980, Nagy and Costa 
1980). One or both members of breeding pairs were 
used in the measurements, although their sex was 
not determined. A total of 11 measurement periods 
with 9 different individuals was successful. Doubly- 
labeled water, containing 97.11 atom % excess oxy- 
gen-18 and 0.4 mCi of tritium, was injected into the 
pectoral muscle. In the 1985 experiments, 1.10 ml of 
water was injected and, in 1987, 1.28 ml was injected 
into each bird. The birds were weighed to 2 5g using 
a Pesola spring balance. After injection, they were 
kept in cloth bags for 1 h to allow the isotopes to 
equilibrate completely with body fluids (Degen el al. 
1981, Williams and Nagy 1984) prior to collection of 
an initial blood sample. Each bird was marked on the 
white wing patch with an individual color and pattern 
using India ink. The experimental birds were recap- 
tured within 1-3 days (two of the birds were recap- 
tured twice). Initial and final blood samples (each 0.2 
ml) were taken from a femoral vein. 
The blood samples were flame-sealed in 
heparinized microhematocrit capillary tubes, and 
later vacuum-distilled to obtain pure water. Analyses 
of isotope levels were conducted using liquid scintilla- 
tion spectrometry (for tritium) and proton activation 
analysis (for oxygen-18; Wood el al. 1975). On the 
basis of isotope levels, the rates of COP production 
were calculated by using Eq. 2 in Nagy (1980), and 
water flux rates by using Eq. 4 in Nagy and Costa 
(1980). Body water volumes were estimated at initial 
capture from dilution of injected oxygen-18 (Nagy 
1980). Water volumes at the time of recapture were 
calculated as initial fractional water content multi- 
plied by body mass at recapture. 
Field metabolic rates (FMR's) were converted 
from units of COP production to units of energy 
(Joules) by using the factor 25.95 J ml Cop-'. This 
factor was calculated from the chemical composition 
of polar cod (Boreogadus saida) caught in July (77 % 
water, 5 % fat, 15 % protein, and 3 % ash; Brekke 
1989) and using the energy equivalents for fat and 
protein from Schmidt-Nielsen (1983: 179) and 
RQ= 0.72 (Gabrielsen el al. 1988). We assumed that 
the total proportion of dietary fat and protein assimi- 
lated were the same as their proportions in the diet. 
According to Williams and Prints' (1986) review of 
DLW validation studies, the mean error of this 
method ranged between -4.9 and + 6.5 %. 
Food Consumption 
We estimated field food consumption from FMR 
in the following way: (1) we assumed that the only 
prey species eaten was polar cod; (2) with an energy 
content of 4.9 kJ g' wet mass (21.9 kJ g' dry mass; 
Brekke 1989); (3) and an assimilation efficiency of 75 
% (Brekke 1989). Brekke's (1989) values are taken 
from feeding experiments with Thick-billed Murres 
(Uria lomvia) eating polar cod. We assumed that the 
assimilation efficiency for Black Guillemots eating the 
same food was similar. Therefore, Black Guillemots 
should obtain 3.7 kJ metabolizable energy per gram 
of fresh polar cod. 
Field Metabolic Rate 
The mean body mass of the experi- 
mental birds was 380 * 20 g (Table 1). 
The field metabolic rate of free-ranging 
Table 1. Rates of body mass change, field metabolism (FMR), water flux, and total body water (TBW) of 
chick-rearing Black Guillemots. 
Body mass Measurement Water Water 
Mass intervals FMR fluxin fluxout TBW 
No. of Mean change Days mlCO, ml H 2 0  ml H 2 0  (%of) 
Bird no. chicks mass (g) (% d-') (d) glh-' kgld-' kg'd-' mass) 
- 
Mean 380 -1.26 3.63 3.63 566 554 70.0 
s.d. 20 2.94 0.76 0.75 223 210 1.7 
breeding Black Guillemots averaged 3.63 
+ 0.74 ml C02  g-I h-l, equivalent to a DEE 
of 860 * 175 kJ d-I. This is 23 % higher 
than the DEE predicted (701 kJ d-l) using 
Kendeigh et al.'s (1977) equation for non- 
passeriform birds at 0 OC. Our value is 9.7 
% higher than Gaston's (1985b) calculated 
DEE from time budgets and Kendeigh et 
al.'s (1977) allometric equations for energy 
expenditure for different activities. How- 
ever, Gaston's estimates are for birds with 
5 % lower body mass than the Svalbard 
birds. In a previous study (Gabrielsen et al. 
1988), we determined the resting 
metabolic rate (RMR) of adult Black Guil- 
lemots during the breeding season to be 
1.15 ml C 0 2  g' h-I (RQ= 0.72). The FMR 
is 3.17 times this RMR value. Although 
eight of the 11 birds lost body mass during 
the measuring intervals, the overall mass 
loss was small (-1.26 2 2.94 % per day; 
Table l), and did not differ significantly 
from zero (P>0.05, t = -1.42). 
Water flux rates were high, the influx 
averaged 556 + 223 and outflux 564 + 
210 ml kgld-I, respectively. Total body 
water content averaged 70 % of body mass. 
Thus, the water influx and outflux rates 
were equivalent to 79 and 81 % of the total 
body water mass per day, respectively. 
Food Consumption 
For an individual Black Guillemot 
maintaining constant body mass, the 
metabolized food has to provide all the 
DEE of 860 kJ d-I. With polar cod as the 
only food source, this means that the bird 
must consume 232 g of fresh fish per day 
or 61 % of its body mass. 
Feeding rate can also be calculated from 
its associated water influx rate. A mass of 
232 g polar cod, at 77 % water content, con- 
tains 179 ml water. Metabolically-produced 
water from oxidation of assimilated protein 
and fat, would provide an additional 0.128 
ml water g1 fresh fish (conversion factors 
from Schmidt-Nielsen 1983), or 30 ml for 
the Black Guillemot's daily food consump- 
tion. Thus, the total water yield should be 
209 ml d-I. This is almost ident~cal to the 
water influx rate (210 ml d-I) obtained by 
the DLW method. This comparison 
suggests that the feeding rate estimated 
from energy expenditure is reasonable 
and that Black Guillemots consumed little 
or no seawater while foraging. 
Gabrielsen et al. (1988) have argued 
that their values of RMR are comparable 
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Figure 1. Field metabolic rates (FMR) for free-living 
seabirds during the chick rearing Period rep- 
resented as multiples of basal metabolic rates 
(BMR); a) as % of predicted values using the equa- 
tlon even by Ellis (1984), b) versus body mass. 
FMR's were obtained by using doubly labeled water 
and BMR's from respirometry. Species codes: BG 
= Black Guillemot Cepphus grylle, BLK = Black- 
legged Kittiwake Rissa hidactyla, CDP = Common 
Diving Petrel Pelecanoides urinatrix, CG = Cape 
Gannet Morus capensis, CM = Common Murre 
Uria aalge, DO- Dovekie Alle aUe, GP = Gentoo 
Penguin Pygoscelis papua, LA = Least Auklet 
Aethia pusilla, LSP = Leach's Storm-petrel 
Oceanodroma leucorhoa, MP = Macaroni Penguin 
Eudyptes chrysolophus, NG = Northern Gannet 
Sula bassana, SDP = South Georgian Diving Petrel 
Pelecanoides georgicus, SGP = Southern Giant Pet- 
rel Macronectes giganteus, ST = Sooty Tern Sterna 
fuscata, TBM = Thick-billed Murre Uria lomvia, 
WA = Wandering Albatross Diomedea exulans, WS 
= Wedge-tailed Shearwater Puffnus pacificus, 
WSP = Wilson's Storm-petrel Oceanites oceanicus. 
(See Appendix for references) 
to values termed BMR in the literature be- 
lemot has a ratio of FMWBMR similar to 
the Thick-billed Murre, but lower than in 
the Dovekie (Alle alle). FMWBMR ratios 
for different seabirds are summarized in 
Fig. 1. All but two species in Fig. 1, the 
Northern Gannet (Sula bassana) and the 
Common Murre (Uria aalge), are close to 4 
x BMR or lower. The high FMWBMR 
ratio in these two species might be related 
to their lower BMR levels (Fig. la) com- 
pared to the expected values from the al- 
lometric equation for seabirds given by 
Ellis (1984). Some of the scatter in Fig. l a  
and Fig. lb  is probably due to the fact that 
BMR and FMR were not determined in 
the same individuals. Differences in body 
mass between birds used for FMR and 
BMR measurements, respectively, would 
also have a slight influence on the FMRI 
BMR ratio. A possibie explanation of the 
low BMR obtained in some species might 
be the use of different methods of measur- 
ing oxygen consumption. Fig. 2 shows 
that, in experiments using closed-circuit 
respirometry, the BMR was generally 
lower (on a body mass basis) than in exper- 
iments where open-circuit respirometry 
was applied. The highest FMWBMR ratios 
(~or thkrn  Gannet and Common Murre) 
were obtained from calculations using 
closed-circuit respirometry. Ineffective- 
ness of the C02 absorbent in closed-circuit 
systems might be a source of error which 
should be investigated. 
Flight is an energetically expensive ac- 
tivity, especially for species with high wing 
Body mass (kg) 
cause th$v were obtained in a similar man- Figure 2. Basal metabolic rate (BMR) as % of pre- 
ner. ou; value of 3.17 RMR is well dicted values using the equation given by Ellis 
the 4 BMR level of uthe maximum (1984) versus body mass, for seabirds studied using open-circuit respirometry (triangles) and closed-cir- 
sustained level" proposed cuit respirometry (filled circles). (See Fig. 1 for 
Drent and Daan (1980). The Black Guil- species Eodes). . - 
loading such as the Black Guillemot. No 
experimental data on flight costs are avail- 
able for alcids, but Flint and Nagy (1984) 
reported the flight cost of Sooty Terns 
(Stem fmata) at 4.8 x BMR, and Birt- 
Friesen et al. (1989) measured the flight 
costs in the Northern Gannet at 11.3 x 
BMR. Gaston (1985b) used the allometric 
equation given by Kendeigh et al. (1977) to 
estimate the flight cost of the Thick-billed 
Murre at 11.3 x BMR. Our data on the 
FMRIRMR ratio in the Black Guillemot 
suggests that this species would have an 
energy expenditure well above 4 x BMR if 
it fed in offshore areas during chick rear- 
ing with the same delivery frequency and 
size of chick meals. We may illustrate this 
with the following calculations: If we in- 
crease the flight distance between the col- 
ony and the foraging area by 25 km and 
assume a flight speed of 50 km h-' during 
9 foraging trips per day (Cairns 1987a), 
then the birds have to spent about nine 
more hours flying per day. If we assume 
that the metabolic rate is 3.17 x BMR dur- 
ing 15 hours and 1 1.3 x BMR during nine 
hours of the day spent for additional fly- 
ing, then the integrated daily energy ex- 
penditure would be 6.2 x BMR. The 
number of foraging trips needed for feed- 
ing the Black Guillemot's two-chick brood 
is significantly higher than the 1-2 trips 
per day made by long distance foragers 
with one-chick broods, such as the Thick- 
billed Murre (Gaston 1985b). Thus, the 
energy expenditure associated with 
offshore foraging in a species such as the 
Black Guillemot rearing a two-chick brood 
would be very high compared to inshore 
foraging, as long as inshore prey is abun- 
dant. 
Our measurements of field metabolic 
rate (3.63 ml COq g1 h-I) in chick- rearing 
Black Guillemots m Kongsfjorden may be 
compared with our previous study of 
chick-rearing Black-legged Kittiwakes 
(Rissa tridactyla) at Hopen Island (76" 30' 
N) (Gabrielsen et al. 1987). The Black-leg- 
ged Kittiwakes and Black Guillemots had 
similar body masses. By averaging the 
FMR values obtained in Black-legged Kit- 
tiwakes for individuals attending the nest 
and those out at sea foraging, we calcu- 
lated an integrated FMR of 3.24 ml C02 
g' h-'. 
Our study on Black Guillemots was 
made in the early part (first 10 days) of the 
chick-rearing period. The exact age of the 
chicks was unknown, but the majority of 
the chicks was 5-10 days old. Cairns 
(1987a) reported that the number of feeds 
delivered to Black Guillemot chicks per 
day did not vary significantly with chick 
age (2-34 days), while the total amount of 
energy delivered to the chicks increased 
with age through increases in food loads 
carried. On this basis, and on the assump- 
tion that the incrase of FMR caused by in- 
creased food loads over short distances is 
negligible, we conclude that our FMR 
measurements of the adults may be repre- 
sentative of the whole chick-rearing 
period. Gaston and Nettleship (1981) came 
to the same conclusion in their study of 
Thick-billed Murre. 
In Gaston's (198513) model, a chick- 
rearing Black Gulillemot would have a 
DEE of 1.4 times a hypothetical non- 
breeder. If these birds maintain constant 
body mass, the additional energy expendi- 
ture due to rearing chicks would require a 
40% increase in food consumption. 
We estimated that a Black Guillemot 
consumed 61% of its body mass per day 
during chick rearing. This is less that the 
ca. 82% reported for the similar-sized 
Black-legged Kittiwake (Gablielsen et al. 
1987) which fed offshore from Hopen Is- 
land, Svalbard. On the other hand, the 
much smaller Dovekie was reported to 
cqnsume about 80% of its body mass per 
day (Gablielsen et al. 1991). Our estimate 
of food consumption in the Black Guil- 
lemot is based upon the assumption that 
the diet consists exclusively of polar cod. 
However, the diet of Black Guillemots in 
the Svalbard area is varied, comprising 
several species of invertebrates, as well as 
fish (Hartley and Fisher 1936, L@venskiold 
1964, Lydersen et al. 1989, Mehlum and 
Gabrielsen, unpubl. data). In our study 
colony, we have observed adults bringing 
polar cod, sculpin (Cottidae) and blennies 
(Blennioidea) to their young. If the energy 
content of different food items varied, this 
would influence our estimate of the total 
amount of food needed to balance energy 
expeditures. Cairns (1987a), however, 
found no significant difference in energy 
content between polar cod, three species 
of blennies, and one species of sculpin 
taken by Black Guillemots in Canada. His 
mean value was 21.4 kJ g1 dry mass which 
is close to Brekke's (1989) value of 21.9 kJ 
g1 used in our calculations. Energy content 
of arctic crustaceans is similar. In Feb- 
ruaryIMarch the pelagic amphipod 
Parathemisto libellula and the krill 
Thysanoessa inermis found in seabird 
stomachs in the northern Barents Sea had 
a mean energy content of 19.9 (n=4) and 
23.0 (n= 5) kJ g1 dry mass, respectively 
(Gabrielsen, Lonne and Mehlum, unpubl. 
data). A sensitivity analysis of our estimate 
of food consumption shows that a 5 % 
higher energy content in the food would 
implicate a reduced food requirement by 
only 11 g fresh mass, or 3 % of Black Guil- 
lemot body mass. We therefore believe 
that our estimate of food consumption is 
representative of a mixed diet consisting 
of polar cod, various benthic fishes, and 
crustaceans. 
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Appendix. Species and references referred to in Figure 1. 
Reference 
Species BMR FMR 
Black Guillemot, Cepphus gylle, Gabrielsen et al. 1988 This study 
Black-legged Kittiwake, Rissa tridactyh Gabrielsen et al. 1988 Gabrielsen et al. 1987 
Cape Gannet, M o m  capensis Adams et al. 199 1 Adams et al. 1991 
Common Diving Petrel, 
Pelecanoides urinatrix Roby and Ricklefs 1986 Roby and Ricklefs 1986 
Johnson and West 1975. 
COLONIAL WATERBIRDS 
Appendix. Continued 
Reference 
BMR FMR 
Common Murre, Uria aalge Cairns et a1  1990 
Dovekie, Alle alle Gabrielsen et al. 1988 
Gentoo Penguin, Pygoscelispapva Brown 1984 
Leach's Storm-petrel, Ricklefs et al. 1986 
Oceanodroma leucorhoa Montevecchi et al. 1992 
Least Auklet, AethiapLcilla Roby and Ricklefs 1986 
Macaroni Penguin, Ewlyptes ch?ysolophw Brown 1984 
Northern Gannet, S u b  bassana Birt-Friesen et a1  1989 
South Georgian Diving Petrel, 
Pelecanoides gemgicus Roby and Ricklefs 1986 
Sooty Tern, S t e m  fwcata MacMillen et al. 1977 
Southern Giant Petrel, 
Macronectes giganteus Adams and Brown 1984 
Johnson and West 1974, 
Thick-billed Murre, Uria lomvia Gabrielsen et al. 1988 
Wandering Albatross, Diomedea ermlans Adams and Brown 1984 
Wedge-tailed Shearwater, Puffinus pacificus Ellis 1984 
Wilson's Storm-petrel, Oceanites oceanius Obst et al. 1987 
Cairns et al. 1990 
Gabrielsen et 01. 199 1 
Davis et al. 1989 
Ricklefs et al. 1986 
Roby and Ricklefs 1986 
Davis et al. 1989 
Birt-Friesen et aL 1989 
Roby and Ricklefs 1986 
Flint and Nagy 1984 
Nagy 1987 
E. Flint pers. comm. 
Adanls et al. 1986 
Ellis 1984 
Obst et al. 1987 
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Abstract 
The doubly labeled water (DLW) method was used to measure 
C02 production and food consumption in Common Murres (Uria aalqe) 
(mean body mass 1025 53 g) throughout the chick rearing period 
(3 to 20-day-old chicks) on Hornerya in northern Norway. Field 
metabolic rate (FMR) of foraging birds averaged 3.34 ml 
CO;~-'-~-', or a daily energy expenditure (DEE) of 2200 kJ.day-'. 
This is 3.8 times the resting metabolic rate (RMR), measured in 
the laboratory to be 0.88 ml ~~~.g.-'h-' or 580 kJ.day-'. FMRs of 
breeding Common murres varied widely among individuals and among 
days (range 959-3954 kJ-day-') . This is equivalent to a variation 
in the FMR/RMR ratio from 1.7 to 6.8, which suggests that 
breeding Common Murres have a flexible energy budget and that 
they can adjust their foraging behaviour in response to changes 
in food abundance. There was a significant positive correlation 
(pe0.005) between FMR and the time at sea. The high and variable 
FMR is probably associated with a high cost of flying and diving 
in Common Murres. 
The mean daily change in body mass of each bird studied was 
38 + 21 g. Assuming that body fat is the main energy resource 
(minimum 17 g and maximum 59 g) and based on a minimum FMR of 959 
kJ.day-' breeding Common Murres may rely on these resources for 
an average of 1.5 days (minimum 16 h and maximum 2.4 days) 
without feeding. The average rate of food consumption by adult 
Common Murres, calculated on the basis of the chemical com- 
position and digestibility of capelin (Mallotus villosus) and 
# 
sandlance (Ammodvtes sp.) was 440 g fresh matter per bird every 
day. This food consumption is equal to 43 % of body mass per day. 
The water influx rate (WIR)  was highly positively correlated with 
changes in body mass (p<O. 0001) , indicating that Common Murres 
digest as much food as possible at sea before returning to the 
colony. The population of 1400 pairs of Common Murres on Hornerya 
is estimated to consume a total of 27 580 kg of prey during 20 
days of chick rearing. 
Introduction 
The seabird breeding populations in the Barents Sea and the 
northern parts of the Norwegian Sea are among the largest in the 
world (Anker-Nilssen and Barrett 1991), and Common Murres (m 
aalqe) are an important species in the seabird communities in 
this region. They breed colonially in groups of hundreds to 
thousands of birds along the coast of northern Norway. 
In order to determine the energy flow through seabird 
populations or communities, it is important to determine the 
energy requirements of individuals. The resting metabolic rate 
(RMR) and field metabolic rate (FMR) of seabirds breeding in the 
north are high when compared with tropical and temperate species 
(Roby and Ricklefs 1986; Obst et al. 1987; Gabrielsen et al. 
1987, 1988, 1991). 
Cairns et al. (1987) hypothesized that breeding Common 
Murres have flexible time budgets which are adjusted to changes 
in fish availability. Burger and Piatt (1990) found that breeding 
Common Murres spent more time at sea in response to poor feeding 
conditions. This change in feeding behaviour resulted in a 
constant provisioning and did not affect growth and survival of 
the chick. Monaghan et a1 . (1993) , studying the foraging behavior 
of breeding Common Murres in two years of radically different 
levels of food abundance, also found that birds spent more time 
at sea in a poor year compared to a good year. However, these 
birds spent five times as much time diving in the poor year than 
in the good year. According to their calculation, the energy 
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expenditure was twice as great in the poor year compared with the 
good year. Breeding Common Murres seem to have flexible time 
budgets, but whether they also have flexible energy budgets was 
one of the main questions addressed in the present study. 
Energy demands upon parent birds are thought to be at a 
maximum during the chick rearing period (Drent and Daan 1980; 
Ricklefs 1983). In seabirds, free-living parents use energy at 
3-6 times their basal metabolic rate (BMR) or RMR during the 
breeding period (Birt-Friesen et al. 1989). Based on doubly 
labeled water (DLW) studies on seabirds, among others, several 
researchers have hypothesized a daily maximum sustained working 
level of 4 x RMR during the chick rearing period (Drent and Daan 
1980; Ellis 1984). While some DLW studies support such a 
hypothesis (Roby and Ricklefs 1986, Gabrielsen et al. 1987, 1991; 
Mehlum et al. 1993), other studies have shown that some seabirds 
exceed this level (Birt-Friesen et al. 1989; Cairns et al. 1990; 
Obst and Nagy 1992). In this study, this hypothesis was tested 
by comparing RMR and FMR measured at the same locality during the 
same breeding period. 
FMRs in seabirds are generally presented as an average 
throughout the chick rearing period. Only two studies, in which 
the DLW method was used, have investigated the relationship 
between adult FMR and age of chicks (Roby and Ricklefs 1986; 
Gabrielsen et al. 1991) . In both these studies, adult FMR was 
independent of the chicks' age. One would expect adult energy 
expenditure to increase with the age of the chick to meet the 
increasing energetic demands of the growing chick (Coulson and 
Pearson 1985) . Common Murres as well as Thick-billed Murres (m 
lomvia) have a very high wing loading (Greenewalt 1962) and 
probably use more energy per unit distance flying than other 
seabirds (Pennycuick 1987; Croll et al. 1991) . One consequence 
of this is that they are only able to transport chick meals which 
are less than 1.5% of their body weight (Gaston and Nettleship 
1981) . In this study, FMR was measured at different chick ages 
to determine if adult Murres are able to adjust their energy 
budgets as a result of the increased energy demand of the chick. 
Material and methods 
Birds 
Common Murres breeding on Hornaya in Finnmark (70°22'~, 
31~10'~) were studied on 7-13 July 1990 when approximately 1400 
pairs (Anker-Nilssen and Barrett 1991) of Common Murres bred on 
the island. The chicks were between 3-20 days old when we 
performed our doubly labeled water study, with one or both 
parents (n=ll) making foraging trips. 
Weather 
Local weather conditions were measured at Hornaya Fyr 
(lighthouse) , 300 m from the colony. During the study period, the 
weather was mild with no precipitation and little wind. The mean 
( +  SD) air temperature was 13.1 + 2.0 OC, and mean wind speed was 
4.1 + 1.8 m/sec . The ocean surf ace temperature was 9.5 + 1.0 OC. 
There was continuous (24 h) daylight. 
Resting Metabolic Rate 
RMRs of 11 adult Common Murres were measured in a field 
laboratory near the colony. RMR measurements were made during 
both the day and "nightu using the apparatus described by 
Gabrielsen et al. (1988) . A metabolic chamber was placed outside 
in an open-top wooden box (in which the bird could see only the 
sky). Metabolism was measured at ambient chamber temperatures 
which varied between 10-20 OC. 
We measured air flow (3.5 to 4.0 1-min-') with a mass flow 
meter (Model F-201C-FA, Hi-Tec) connected to a readout (Model 
5611-EA, Hi-Tec) . Oxygen consumption and COz production were 
measured with an Applied Electrochemistry oxygen analyzer (S-3A) 
and a Leybold-Heraeus (BINOS 1) COZ analyzer. Temperature in the 
metabolic chamber was measured with thermocouples connected to 
a Fluke thermometer. Body temperatures were not measured during 
metabolism trials, but were measured separately after each 
experiment, using a small thermocouple inserted 2-3 cm into the 
cloaca. Birds were habituated to the metabolic chamber, by 
introducing them into the chamber 3 times before the first 
measurements were made 12 h af ter the capture in the colony. Each 
bird was measured two times. At each ambient temperature, 
recordings were measured for at least 3 h. Metabolism was 
measured under full light conditions while the bird was resting. 
Oxygen consumption (ml ~~.g-'.h-') , C02 production (ml ~0;g-'-h-') , 
respiratory quotient (RQ) , and energy expenditure (k~-da~-') was
calculated at standard temperature and pressure (STPD, O°C, 760 
mmHg) . When calculating energy expenditure from oxygen 
consumption a conversion coefficient of 20.08 kJper liter oxygen 
was used (Schmidt-Nielsen 1975). 
Doubly Labeled Water 
Field metabolic rates (FMRs, as COz production) and water 
flux rates were measured using the DLW method (Lifson and 
McClintock 1966; Nagy 1980; Nagy and Costa 19801, using the same 
procedure as described by Gabrielsen et al. (1987), in 11 adult 
Common Murres caught on the nest. These consisted of 3 pairs and 
5 single individuals. Each bird was placed in a nylon bag and 
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carried to the field laboratory. 
Birds were injected with 2.5 to 3.0 ml ~ ~ ' ' 0 ,  containing 
97.11 atom % oxygen-18 and 0.4 mCi tritium, into the pectoral 
muscle. The birds were held in a wooden box for 1.0-1.5 h while 
the isotopes mixed thoroughly in body fluids (Degen et al. 1981; 
Williams and Nagy 1984). Birds were weighed to the nearest 5 g 
using a Pesola spring balance. Wing, head and bill lengths were 
measured to the nearest 1 mm in an attempt to determine the sex 
in all pairs. Each bird was banded and marked with individual 
patterns on the breast using felt-tipped pens. Blood samples 
(5 x 70 p1) were taken from a wing vein. All birds were released 
in the colony, and they returned to nest-sites within 30 min. 
Over the next 6 days, they were recaptured, weighed, and sampled, 
some two and three times. The nest sites were not disturbed but 
the birds were monitored from a hide continuously for 6 h each 
day (randomly during both the day and "night") and thereafter 
visited each 3 h to check if the birds were present. This check 
frequency was assumed to give representative samples of activity 
based on previous studies of murres (Burger and Piatt 1990; 
Furness and Barrett 1985). Two back-ground samples were taken 
from control birds at the start and at the end of the experi- 
mental period. The background for oxygen-18 was 0.2023 atom % and 
35 cpm for tritium. Measurements of FMR by DLW become unreliable 
when the final level of oxygen-18 approaches background. One 
sample was excluded since the final oxygen-18 enrichment was 
within 5% of background. 
Blood samples were stored in flame-sealed, heparinzed 
microhematocrit capillary tubes, and were vacuum-distilled to 
obtain pure water. Isotope levels in water were measured by 
liquid scintillation spectrometry (for tritium) and proton 
activation analysis (for oxygen-18) (Wood et al. 1975) by 
K. A. Nagy (University of California, Los Angeles, California, 
USA). Rates of COz production were calculated with eq.2 in Nagy 
(1980), and water flux rates from eq. 4 in Nagy and Costa (1980). 
Body water volumes at recapture were calculated as the initial 
fractional water content multiplied by body mass at recapture. 
Validation studies in the laboratory have shown that DLWmeasure- 
ments of C02 production are accurate within 7% (Nagy 1989). 
Food consumption 
Food samples were collected from adult CommonMurres feeding 
their chicks. For purpose of initial considerations, it was 
assumed that the food given to the chicks was the same as they 
ate themselves. During the study, Common Murres fed chicks 
primarily on capelin (Mallotus villosus 53%), sandlance 
(Ammodvtes sp. 39%) and herring (Clupea harensus 8%; M. Asheim, 
pers. com. ) . However, the conversion factors for these diet items 
should be within 5% of that for capelin, due to similarities in 
the conversion factors for protein and fat (Schmidt-Nielsen 
1975). Field metabolic rates (FMR) were converted from units of 
COz production to units of energy (J) by using the factor 26.1 
J-ml CO~-'. This factor was calculated from the chemical com- 
position of capelin (76.2% water, 6.6% fat, 15.2 % protein, 
1.9% ash) and sandlance (70.7 % water, 6.7 % fat, 15.0 % protein; 
Barrett et al. 1987; R.T. Barrett, unpubl. data). Energy 
equivalents for fat and protein were from Schmidt-Nielsen (1975) . 
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In this calculation, it was assumed that the proportions of 
dietary fat and protein assimilated were the same as their 
proportions in the diet, and that Common Murres ate only capelin 
and sandlance during our study. The amount of food an adult 
Common Murre would have to consume to satisfy its daily energy 
requirements (as measured with DLW) was calculated from the 
energy content of food samples and energy assimilation efficiency 
for capelin and sandlance. Capelin and sandlance contain 26.25 
k ~ - ~ - '  and 21.35 k ~ - ~ - '  dry matter, respectively. Based on feeding 
experiments of kittiwakes and Thick-billed Murres eating capelin 
with a fat content of 7%, an assimilation effeciency of 80% was 
used (Brekke and Gabrielsen, 1994). Thus, with a water content 
of 76% for capelin and 71% for sandlance, the food contains 6.25 
k ~ . ~ - '  wet mass, or 5.0 kJ metabolizable energy per gram of fresh 
matter. 
Statistics 
Two-tailed t-tests were used to compare means. Results are 
reported as mean + SD unless noted otherwise. Analysis of 
covariance (ANCOVA; Proc. GLM, SAS 1988) were used to simul- 
taneous relate FMR and WIR to the age of chick, time at sea, 
body mass change and individual variation. In order to test the 
effect of individuals, I first excluded all data from individuals 
from which only one measurement was collected (1, 5 and 6). When 
no such effect of individuals was found, all data were included 
in further calculations. Body mass change (%/d) were arcsine- 
transformed for analysis. 
Results 
Resting metabolic rate 
The mean temperature in the metabolic chamber during meta- 
bolic trials was 16.1 OC (+ 2.7 OC). Based on measurements of 6 
species of seabird in the high Arctic (Gabrielsen et al. 1988), 
this should be well within the murresl thermoneutral zone. The 
body mass of each individual was used when calculating the mass- 
specific metabolic rate. The mean body mass during the metabolic 
measurements averaged 913 + 53 g. Standing birds (1.31 + 0.04 ml 
~,.g".h-~; n=9) had a significantly higher mass-specific RMR value 
than lying birds 1.20 + 0.03 ml 0,-g-'.h-'; n=12; p<0.05), or a 9% 
difference in RMR level between lying and standing birds. The CO, 
production of a resting, lying bird was 0.88 ml ~0,-~-~.h-' or 580 
kj-d-I. The mean RQ, within the thermoneutral zone, was 0.73 
0.01. The mean body temperature of resting lying birds was 39.7 
k 0.5 OC (n=7). 
Body mass 
Due to large variation in body size in Common Murres, it was 
not possible to separate males and females based on measurements 
of wing, head and bill (M. Asheim and R. T. Barrett, unpubl. ) . The 
mean body mass of birds included in the DLW experiment was 1025 
+ 53 g (n=22 measurements). This value was used in subsequent 
calculations. Throughout the experimental period (1 to 3 days for 
each bird studied), all Common Murres maintained their body mass 
(the arithmetic average of weight changes) to within 0.25 + 2.99 
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%.d-' (Table 1). Body mass change for each bird averaged 38 + 21 
g.d-') (11 birds) 
Field metabolic rate 
Of 11 birds used in the DLW experiment, one FMR sample was 
obtained from 3 birds, two samples from 5 birds and three from 
3 birds. Since there was no effect of individuals, all data was 
included in further calculations. FMRs of free-ranging birds 
averaged 3 .34 ml c02-g-'.h-', or 2200 kJ/day (Table 1). This gives 
an average FMR/RMR ratio (based on whole body rates of 
metabolism) of 3.8. There was much variation in body mass, FMR 
and WIR among individuals and among days (Table 1). When FMR 
(ml CO~-~-'.~-') was related to the age of the chick and time at 
sea, there was a significant positive correlation between FMR and 
time at sea (r2=0.36; p<0.005; Fig.1) ; 
FMR = 1.65 + 0.14 T (1) 
where FMR = ml CO~.~-'.~-' and T = time at sea in h/d. The average 
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time at sea was 12 h and 57 min per day (+  3 h 26 min) . There was 
also a weak positive correlation between FMR of adults and age 
of the chick (r2=0 .44, p = 0.12) . When age of the chick was used 
as a covariate in a multiple regression model the explained 
variance increased from r2=36 to r2= 0.44. This may indicate that 
adults with older chicks spend slightly more time at sea than 
adults with small chicks. 
Water flux 
WIR in Common Murres was 352 + 138 ml/d (n=22 measurements). 
When WIR (ml/d) was related to body mass change, age of the chick 
and time at sea, there was a significant positive correlation 
between WIR and body mass change (r2=0.59; p<0.0001; Fig.2) ; 
WIR = 343 + 61.5 BWC (2) 
where WIR = water influx rate in ml/day and BWC = body weight 
change (%/d). When the time at sea and the age of the chick were 
used as covariates in a multiple regression model the explained 
variance decreased from r2=0.59 to r2=48. This indicate no 
significant correlation between WIR and age of chick. This is 
probably due to the large daily variation in WIR. When the mean 
wIR value was used for each bird, water (food) consumption tended 
to increase (p < 0.067) as the chick grew. However, more samples 
are needed to show such a relationship. 
Body water content during the experimental period averaged 
68.5 + 3.1% of body mass (n=9) . 
Food consumption 
FMR in free-ranging Common Murres averaged 2200 + 576 kJ/d 
(Table 1) . At a metabolizable energy yield of 5.0 kJ/g fresh mass 
of food, Common Murres have consumed 440 g fresh food or 
approximately 43% of their body mass daily. This estimate of 
feeding rate was checked by calculating the associated water 
influx rate, and comparing this with the actual influx measured 
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with tritiated water. A mass of 440 g of capelin (76.2% water) 
and sandlance (70.7 % water), in which the birds are eating 
50% of each species, contains 323.2 ml of water. Metabolic water 
production from oxidation of assimilated proteins and lipids 
would provide an additional 0.122 ml water per gram fresh food 
(conversion factors from Schmidt-Nielsen 1975) or 53.7 ml water. 
This yields a total of 376.9 ml water when consuming 440 g of 
food, which is about 7% higher than the measured water influx of 
351.5 ml water per bird (Table 1) . This comparison from energy 
expenditure is reasonable, and indicates that Common Murres drank 
little or no sea water while foraging. These calculations also 
indicate that during the study period adult Common Murres were 
feeding on the same food items as the chicks as assumed in the 
methods section. 
Discussion 
Resting metabolic rate 
The resting metabolic rate (RMR) value in the present study 
was obtained while the bird was at rest (both while standing and 
lying), in a post-absorptive state and within the thermoneutral 
zone. I do not claim to have measured true basal metabolic rate 
(BMR) but these metabolic measurements are comparable to values 
termed BMR in the literature since they were made in a similar 
manner. 
In the present study, the mass-specific RMR of lying Common 
Murres was 9% lower than that of standing birds. The mass- 
specific RMR value was equivalent to RMR values for Common Murres 
measured at St. Paul Island in Alaska (Gabrielsen et al. 1994; 
Table 2). Johnson and West (19751, in a metabolic study of 
captive Common and Thick-billed Murres at Fairbanks, Alaska, 
obtained RMR values which were 7% and 5% higher respectively, 
than lying Common Murres measured at Hornaya and at St. Paul 
Island (Table 2). The mass-specific RMR value of Thick-billed 
Murres measured at St. Paul Island, Alaska, was similar to that 
measured on Svalbard (Table 2). These mass-specific RMRs of 
murres in Alaska, Svalbard and northern Norway are considerably 
higher (56-61%) than those reported by Cairns et al. (1990) 
(Table 2) for Common Murres in Newfoundland. Cairns et a1 . (1990) 
used a closed-respirometry method described by Ricklefs et al. 
(1984). The same system was also used on Northern Gannets (u 
bassana) in Newfoundland (Birt-Friesen et al. 1989) ; they 
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obtained a BMR value which was 85% lower than the BMR value 
obtained on the same species in Scotland using an open- 
respirometry system (D.M. Bryant and R.W. Furness, unpubl.). 
To test the validity of these BMR or RMR values, it will be 
necessaryto carry out a controlled comparison of the open-system 
used in this study and the closed-respirometry technique used by 
Cairns et al. (1990) and Birt-Friesen et al. (1989). 
The mass-specific RMR value in Common Murres exceeds 
allometric predictions made for non-passerines by 143-189 % 
(Lasiewski and Dawson 1967; Aschoff and Pohl 19701, birds in 
general (Bennett and Harvey 1987) and seabirds (Ellis 1984; 
Gabrielsen et al., 1994). However, the RMR value is very similar 
to that predicted from the latitude-corrected equation of Ellis 
(1984). This equation is based on a pecentage increment ( %  BMR= 
2.02 lat . + 52.3) relative to predictions made from the Lasiewski 
and Dawson (1967) equation. 
The RMR value obtained in this study and earlier BMR or RMR 
studies of northern seabird species (Scholander et al. 1950; 
Johnson and West 1976; Gabrielsen et al. 1987, 1988, 1991, 1994; 
Gabrielsen and Mehlum 1989) confirm findings that seabirds 
breeding at high latitude have a higher RMR (or BMR) than similar 
species at low latitudes. The high RMR is consistent with 
Weathers' (1979) observations that the RMR (or BMR) of high 
latitude bird species generally exceeds those of warm-climate 
species. 
The high RMR value may also indicate a difference in the 
adaptation to cold by different seabird species. While Common 
Murres measured both on Hornerya (70'~) and at St. Paul Island, 
Alaska (57'~; Gabrielsen et al. 19941, show no latitudial trend 
in mass-specific RMR there is a strong latitudial trend in RMR 
in Black-legged Kittiwakes measured at Svalbard (79'~; Gabrielsen 
et al, 1988), Horn~ya (G.W. Gabrielsen, unpubl.) and at St. Paul 
Island (Gabrielsen et al. 1994). This may be related to their 
foraging mode in which Common Murres are better cold adapted than 
kittiwakes. Common Murres are divers and are thus more exposed 
to a low sea water temperature than surface-feeding kittiwakes. 
However, murres are exposed to less variation in temperature 
since sea water temperatures vary less than air temperatures. 
While the RMR is the same at different latitudes, the thermal 
conductance (TC) is lower (they are better insulated) in murres 
studied in the high Arctic (Johnson and West 1976; Gabrielsen et 
al. 1988, 1994) . Murres therefore appear to have reduced their 
insulation as the ambient air and sea water temperatures increase 
with decreasing latitude (Gabrielsen et al. 1994). 
Field metabolic rate 
Prior to this study, energetic studies of free-living murres 
have been characterized by small sample sizes (3-4 individuals) 
and have not taken chick age into account. In this study, the 
number of measurements has been increased. However, in order to 
show relationships between the field metabolic rate and the 
different parameters, the sample size should be increased. 
The mean mass-specific FMR value (3.34 ml CO~-~-'-~-') 
obtained for adults during the chick rearing period on Horn~ya 
was 8 % higher than the mean value (3.18 ml CO~-~-'-~-') of Common 
Murres (4 individuals) measured during the same period at Gull 
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Island, Newfoundland (Cairns et al. 1990; Table 3) . Both these 
FMR values are 10-40 % higher than the FMR values obtained for 
 hick-billed Murres in the Pribilof s (2.89 ml ~0;~-l-h-'; 
E. Flint, unpubl.) and in the eastern Canadian Arctic (2.37 ml 
CO~-~-'.~-'; 3 individuals; Gaston 198533; Table 3). Since Thick- 
billed Murres live in colder environments and are better 
insulated than Common Murres (Johnson and West 1976; Gabrielsen 
et al. 1988) these findings are consistent with the suggestion 
that the high FMR in Common Murres is associated with cold 
stress. 
The FMR of Common Murres was 23-134 % above the allometric 
equations made for birds in general (Kendeigh et al. 1977; 
Walsberg 1983) and seabirds (Nagy 1987; Birt-Friesen et al. 1989; 
Nagy and Obst 1991) . Birt-Friesen et al. 's (1989) equation for 
birds breeding in cold water and using flapping flight gave the 
best prediction for Common Murres. 
The high FMR in high-latitude seabirds is explained by the 
cost of thermoregulation in cold environments and by foraging 
mode (flying or diving) , which is especially expensive in murres . 
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Ellis (1984) proposed a close linkage between RMR and the maximum 
power output, whereas Roby and Ricklefs (1986) and Gabrielsen 
et al. (1988) suggested that the birds' physical activity may 
influence the RMR level. According to Birt-Friesen et al. (1989) , 
auks and diving petrels have an elevated FMR compared to other 
seabirds because they use their wings both for flying and diving. 
This contrasts with penguins in which the wing form is optimized 
for swimming while that of such seabirds as fulmars and Larids 
is optimized for flying. Since the optimum design for wings 
differs for flyers and divers one would expect that an inter- 
mediate stage would be less effective both in water and air. 
According to Greenewalt (19621, the wing loading of auks falls 
within the upper extreme of the range of all flying birds. Of 
three auk species measured, Common Murres had the highest wing 
loading (BM=950 g, wing area 0.0544 m2, 17.5 g/cm2; Pennycuick 
1987) . Using Pennycuick's (1989) Program 1 to calculate flight 
cost, the values for Common Murres, based on body measurements 
of individuals included in the DLW experiment, were compared to 
the measurements of FMR and no correlation was found. In this 
study it was not known how much time is spent and how far the 
birds flew when foraging at sea. However, since there is a good 
correlation between FMR and time at sea, the high and variable 
FMR might be associated with a high cost of flying and diving in 
Common Murres. 
Flexible energy budget 
Several recent studies have shown that Common Murres are 
able to change their foraging behaviour in response to changes 
in food availability. For instance, Monaghan et al. (1993) found 
an increase in diving time in years with low food abundance. The 
increase in foraging effort (increased diving time) resulted in 
an estimated doubling of energy expenditure. In the present 
study, times spent flying and diving is unknown, so it is 
impossible to calculate respective costs. However, based on 
preliminary heart rate recordings of free ranging Common Murres 
foraging from Hornaya, using a data logger system (P.J. Butler, 
T. Woakes and G. W. Gabrielsen, unpubl . ) , there are indications 
that the energy cost of diving is high. According to Croxall and 
Briggs (1991), 80-95 % of the total daily energy budget is 
incurred at sea. The diving behaviour data from Common Murres 
(Cairns et al. 1990; Monaghan et al. 1993; P.J. Butler, T. Woakes 
and G.W. Gabrielsen, unpubl.) and my energetics data, show that 
they are able to increase their FMR to 2 to 7 times their RMR 
during the breeding period. This clearly suggests that breeding 
Common Murres may be able to adjust their FMR in response to 
changes in food abundance. 
While Common Murres show great flexibility in time and 
energy budgets, their ability to change their work rate while 
foraging at sea does not seem to affect breeding success 
(Monaghan et al. 1993; Uttley et al. 1993) . For Common Murres 
during situations of moderate food abundance, this may indicate 
that factors such as provisioning rate, chick growth and breeding 
success which is monitored in the colony may not reflect food 
availability in the area (Burger and Piatt 1990). Similarly, 
although there was a good correlation between FMR and time at 
sea, the latter does not necessarily reflect the parents foraging 
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effort (see Cairns (1987 and 1992)). 
Parental energy demand 
According to Ricklefs (1983), parental energy demands are 
at a maximum during the chick rearing period. The working level 
during this time, described as "the maximum sustainable working 
level", was suggested to be about 4 X BMR (Drent and Daan 1980). 
This was later supported with DLW (Roby and Ricklefs 1986; 
Gabrielsen et al. 1987, 1991; Mehlum et al. 1993). However, 
studies show that some species exceed this sustainable working 
level during chick rearing (e.g. Cairns et al. 1990; Birt-Friesen 
et al. 1989; Obst and Nagy 1992). The FMR/RMR ratio in the 
present study ranged from 2 to 7, which corroborate that Common 
Murres can exceed this metabolic ceiling. 
Until now, DLW studies of seabirds have been presented as 
an average FMR throughout the chick rearing period. In two 
species of diving petrels (Pelecanoides urinatrix and P- 
qeorqicus; Roby and Ricklefs 1986) and in Dovekies (Alle alle; 
Gabrielsen et al. 1991) there was no change in adult FMR with 
respect to chick age. In adult penguins, the highest energy cost 
was found at the end of chick growth (Gales and Green 1990). 
Burger and Piatt (1990) contend that there is a lack of 
consistent evidence for any increase in parental feeding effort 
as the chick grows. This seems unusual since the maintenance 
requirements of Common Murre chicks are thought to increase about 
six fold while they are in the colony (Coulson and Pearson 1985) . 
In several studies of Common Murres, there was no apparent 
increase in provisioning rates with increasing chick age 
(Birkhead 1977; Harris and Wanless 1985). However, Birkhead and 
Nettleship (1987) found an increase in two seasons among Thick- 
billed Murres and in one season among Common Murres. Since the 
growing chicks require more energy as they become older it is 
expected that the parent bird must use more energy to catch and 
transport sufficient food to the colony. In the present study a 
weak correlation (p=0.12) was found between FMR and the chick 
age, suggesting that adults with older chicks spent slightly more 
time at sea compared to adults with smaller chicks. 
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It is suggested that the energy requirements of the chick 
are small compared to the daily energy expenditure variation of 
adults. In Common Murres, at the peak of growth, the energy 
requirements of the chick is only 20% of that of the adults (G.W. 
Gabrielsen, unpubl.) . It may well be that adult Common Murres, 
with an average FMR/RMR ratio of 3.8, are working at a maximum 
during chick rearing and that they are unable to provide more 
food to secure further growth of the chick. This would therefore 
support the hypothesis that murre chicks fledge at < 30% of adult 
body mass due to the inability of parents to provide sufficient 
food to older chicks at the colony (Sealy 1973; Birkhead 1977; 
Gaston 1985a; Furness and Barrett 1985; Ydenberg 1989). 
Body mass change 
Croll et al. (1991) found a decrease in body mass in adult 
Common Murres very soon after hatching, which was interpreted as 
an adaptation to reduce the energy cost of flight while foraging. 
It was estimated that the energy saved was eqivalent to 25% of 
the RMR (or BMR) per day or a 5-10% reduction in the mechanical 
power required (Croll et al. 1991). Common and Thick-billed 
Murres studied on Hornerya lost 100 g and 80 g, respectively, from 
the end of incubation to fledging (M. Asheim, pers. com. ) . In 
this study, average body mass was stable throughout the chick 
rearing period. However, there were large individual and daily 
variations in body mass (mean 38 21 g.d-'). Breeding Common 
Murres, working at a maximum during chick rearing, will, by 
processing food and storing excess energy at sea, be energetic- 
ally more efficient when flying back to the colony than parents 
returning with full stomaches. Diurnal weight cycles associated 
with fat deposition have been shown in several species of tits 
(Parus spp. ; Haftorn 1992). In Common Murres, the daily variation 
in body mass must also be associated with storage and turnover 
of body fat. While the fat is processed and stored at sea, the 
reserves can be used for maintenance when the bird is not 
feeding. Breeding Common Murres with a minimum FMR of 959 kJ.d-' 
(Table 1) and utilizing body fat as the energy resource (losing 
an average of 38 g.d-l and a energy eqvivalent of 38.5 k~.~-') will 
be able to rely on these resources for an average of 1.5 days 
(minimum 16 h and maximum 2.4 days) without feeding. 
Food consumption 
Based on the estimate of food consumption, Common Murres 
were calculated to consume an average of 43% of their body mass 
per day during chick rearing. According to Diamond et al. (1986), 
a high food consumption rate may cause physiological limitations 
due to digestive bottlenecks in hummingbirds. This means that 
high food consumption and digestion may also limit their time 
budget while foraging at sea. In this study, WIR was correlated 
to body weight change. Since WIR is a measure of the amount of 
food processed, this indicates that, while at sea, the murres 
probably spend time feeding themselves and processing the food. 
In murres a full meal, based on stomach analyses of birds shot 
at sea just after foraging, weight between 80-100 g (G.W. 
Gabrielsen, pers. obs. ) . If the amount of food ingested while 
foraging at sea is processed randomly in time before the bird is 
C 
caught and weighed in the colony, one would not expect any 
correlation between WIR and body weight changes. However, the 
high correlation between WIR and changes in body weight indicate 
that Common Murres digest as much as possible at sea before 
returning to the colony. 
When these birds have to consume an average of 440 g per day 
to cover their own requirements and the digestive process take 
1-2 hrs for each meal (Brekke and Gabrielsen, 1994), this means 
they need to spend 4-8 h to digest their own food. In murres, the 
time spent at sea varies between 47 and 96% of daylight time 
(Burger and Piatt 1990). On Hornaya, Common Murres spend 54% of 
their time at sea, which is very similar to the 47% recorded for 
Thick-billed Murres at the same colony (Furness and Barrett 
1985). While at sea, 70-85% of time is probably spent digesting 
food on the surface (Cairns et al. 1990; Monaghan et al. 1993), 
a process which thus may ultimately affect their time budgets. 
Several factors influence the calculation of food con- 
sumption of breeding Murres. While the metabolic efficiency is 
determined by the fat content in the food (Brekke and Gabrielsen, 
1994), the energy density of the food has the greatest effect on 
the calculation of food consumption. Cairns et al. Is (1987) 
study of Common Murres in Newfoundland was based on capelin with 
a lower fat content than those caught around Hornaya, and there 
the daily average food consumption was 16% higher than in the 
present study. When presenting population energy requirements it 
is therefore important to present energy values of different food 
items. 
The Barents and Norwegian Seas are very productive. Capelin, 
sandlance and herring are three very important constituents of 
the diet of nearly all seabird species in the area. The diet of 
Common Murres breeding on Hornerya consists mainly of capelin 
and sandlance (Furness and Barrett 1985; Barrett and Furness 
1990). However, herring is now becoming an important food item 
during the breeding period (M. Asheim and R.T. Barrett, pers. 
com.). During the period of this study, adult Common Murres on 
Horn~ya fed their chicks on capelin (53%) , sandlance (39%) and 
herring (8%) (M. Asheim, pers. com. ) . Assuming adults eat nearly 
the same as the chick, the present estimate of food consumption 
by all Common Murres was based on the assumption that they ate 
only capelin and sandlance. However, since the energy content 
of sandlance in this study was not significantly different from 
that of capelin, the calculation of the total amount of food 
needed should not be influenced. 
During 20 days of chick rearing each Common Murres consumed 
an average of 8.8 kg of food. This include only the needs of the 
adult and excludes the foods given to the young. Based on the WIR 
of growing Common Murre chicks, water content of food, and the 
energy value of food, it was calculated that a 15 day-old chick 
consumed 105 g fresh food each day (G.W. Gabrielsen, unpubl.) . 
The food requirements of two adults and one chick should total 
19.7 kg during 20 days of chick rearing. The consumption by 1400 
pairs of Common Murres on Hornerya would thus be 27 580 kg during 
chick rearing. 
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Figure 1. 
The relationship between field metabolic rate (FMR) and 
time (T) at sea (h/d) in breeding Common Murres 
(FMR = 1.65 + 0.14 T, r2 = 0.36, Pc0.005). 
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Figure 2 .  
The relationship between water influx rate (WIR) and 
body mass change (BMC) (%/d, based on arcsine 
' transformed data) in breeding Common Murres 
(WIR = 342.7 + 61.5 BMC, r2 = 0.59, P<0.0001). 
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